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ABSTRACT

This thesis explores the mechanical properties of cilia driven fluid flow through computer simula-
tions of cilia interacting with fluid. First of all we look at the effect of a single beating cilium on a
large fluid region by examining the fluid velocity profiles associated with the resulting fluid flow.
From these results we are able to quantify the observed velocity profile using a characteristic
length, and show the relationship between this characteristic length and the Reynolds number.
We go on to investigate the relationship between the metachronal wavelength of an array of beat-
ing cilia and the resulting fluid flow rate. We find that the observed relationship is well described
by the clustering of cilia during the active stroke, and we quantify this by deriving an analytical
model of the free area in the cilium array which depends on the metachronal wavelength. We
show that there is a strong correlation between our analytical model and simulation results,
which implies that the changes in fluid flow rate linked to a change in free area. Next we look at
the differences in fluid flow with and without metachrony for a large array of cilia, concluding
that the increase of fluid flow rate due to metachrony is greater when the space between cilia
is reduced. Finally we investigate the effect of de-ciliated regions on fluid flow by simulating
several arrangements of ciliated and de-ciliated cells. Results from these simulations show that
the arrangement of de-ciliated cells can affect fluid flow by increasing the distance between active
wave fronts, which in turn causes the coordination between cilia to be less effective.
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PREFACE

Motile cilia are present in many different locations within the human body; inside the lungs,
brain, and in both the male and female reproductive systems. Cilia themselves are long thin
filaments that extend from the surface of cells to interact with fluids. Within the lungs and
ovarian tubes ciliated cells line the walls of mucus membranes. The cilia attached to these cells
beat steadily to transport particles and cells within the mucus. Muco-ciliary transport is a vital
process that prevents infection and blockages in the lungs. This process is very sensitive to
changes in the rheology of the mucus and the coordination of motile cilia beating. Because of this
there have been numerous studies, both experimental and theoretical, focused on understanding
the key parameters muco-ciliary transport.

The aim of our work is to quantify the parameters and mechanics that contribute to effective
cilia driven fluid flow using a combination of numerical and analytical modelling. We investigate
exactly how changes to cilia spacing, fluid rheology, metachronal wavelength, and arrangement
of ciliated cells affect muco-ciliary transport through computational simulations. We also use
results from these simulations to construct an analytical model of an array of beating cilia to
quantify some of the behaviours that we observe.

We begin in by giving a review of previous work in this field that has been instrumental
in the development of our model and used as a basis for our own work in chapter 1. We then
describe the computational methods that we have used to build our model in chapter 2, along
with some preliminary results that we have used as a benchmark for our numerical model. In
chapter 3 we present the results of an investigation into fluid flow generated by a single beating
cilium, and the velocity profiles that this generates in the fluid. Chapter 4 describes a study of
the relationship between metachrony and fluid flow rate, in which we use an analytical model to
quantify the clustering of cilia beating in a metachronal wave. In chapter 5 we present results
from two investigations where we have applied our computational model to quantify the effects
of cilium spacing and de-ciliated regions on fluid flow. And finally in chapter 6 we summarise and

discuss the results of our work, and suggest directions for future work in this area.
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BACKGROUND

In this chapter we provide a review of the existing literature in the field of cilia driven fluid
flow. We begin by identifying the properties of pulmonary cilia and muco-ciliary clearance that
have been observed through electron microscopy and high speed imaging [7, 26, 41, 43, 44]. This
includes information on the internal structure of the cilium and how this dictates the shape of
the cilium beat profile [7, 44—46].

We give a comprehensive definition of metachrony and its importance for effective cilia driven
fluid flow. This ranges from the earliest in vitro observations of metachrony in pulmonary cilia
[39] to recent simulation results investigating some of the intrinsic properties of cilia beating
with a metachronal wave [22, 24]. We pay particular attention to simulation work investigating
how metachrony and the metachronal wavelength affect the rate of fluid flow generated by an

array of beating cilia [6, 11, 24].

We present results from Chatelin and Poncet [7] that highlight the important fluid properties
for effective cilia driven flow. The properties that we see as most important for our work are the
depth of the peri-ciliary liquid (PCL) relative to the cilium length, the stiffness of the transition
between the PCL and the mucus, and the viscosity ratio between the PCL and the mucus. We
also describe the peri-ciliary brush model proposed by Button et al. [5], and how the presence of

mucin strands between cilia contributes to the separation of the PCL and the mucus layer.

We describe the mechanics of mucin hydration as described by Sircar and Roberts [43], and
how this relates to the kinetics of swelling gels derived by Keener et al. [25]. We also describe the

process of mucin secretion from goblet cells and how these mucins form the mucus layer [47].

Finally we describe some of the disease states that can affect cilia beating and muco-ciliary
clearance. We look at Asthma, cystic fibrosis, and chronic obstructive pulmonary disease (COPD)
to highlight whether the symptoms of these diseases affect the cilia themselves or the rheology of
the mucus in the lungs [1, 12, 17, 37, 42].



CHAPTER 1. BACKGROUND

s

Figure 1.1: A superposition of the beat profile for pulmonary cilia as observed by Fulford and
Blake [14].

1.1 Pulmonary Cilia

Pulmonary cilia form a dense mat which lines the trachea and bronchial tubes, pertruding
between five and seven microns from the epithelial surface [44]. The cilia are immersed in a
fluid that is separated into two distinct layers. The fluid in the lower layer is essentially water,
and is referred to as peri-cilliary liquid (PCL) [7, 41, 44]. The upper layer is a visco-elastic fluid
made up of cross-linked polymers called mucins. The mucins originate from the epithelium and
travel through the PCL to form the upper layer of mucus, at a height of around six microns
from the epithelium [7, 26, 43]. Cilia beat in an asymmetric pattern with an active stroke and a
recovery stroke [44], a superposition of this beat profile is shown in Fig. 1.1. The active stroke is
a planar motion with the cilium remaining virtually straight throughout and rotating about its
base. During the recovery stroke, the cilium bends and moves in the opposite direction while also
rotating out of the plane of the active stroke. This asymmetric motion means that the work done
by the active stroke is greater than that done by the recovery stroke, causing a net fluid flow in
the direction of the active stroke [44].

1.1.1 Cilium Internal Structure

It has been acknowledged in many articles written on this topic that the internal structure of a
cilium must be modelled in order to fully understand the complexities of cilia beating [7, 44—46].
The reasoning behind this is that by controlling the forces acting within a cilium rather than the
beat profile of the cilium it is possible to directly observe the effects of the surrounding fluid on
the cilium [16, 34, 51]. This would provide a closed loop simulation of how cilia beating affects
fluid flow and vise versa.

The internal structure of a motile cilium is formed of 9 microtubules arranged in a circle

2



1.1. PULMONARY CILIA
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Figure 1.2: The cross section of a cilium, showing the internal structure of microtubules. Graphic
reproduced with permission from Yang et al. (2008) [51].

around the edge of the cilium cross section, with an additional 2 microtubules in the centre as
shown in figure 1.2. The circle of microtubules are connected to one another by nexin strands,
and each one is connected to the central pair by a radial spoke. These elements have been shown
to behave like elastic strings [34, 51]. Dynein motors exert a force on neighbouring microtubules
to make them move in a sliding motion relative to one another. The movement and bending of a
cilium are the result of the forces acting on the microtubules in a specific sequence [40] combined
with the passive spring forces from the nexin strands.

In the simulations of Mitran [34] this internal structure was modelled relatively simply by
approximating microtubules as thin walled beams made up of 20 beam elements that are acted on
by forces and springs representing the dynein motors and nexin strands respectively. The dynein
forces were coordinated based on experimental data to produce a planar motion representative
of the three dimensional cilia beat strokes. The deformation of each cilium was calculated on a
local body-fitted grid that interacts with a background Cartesian grid to transmit forces between
the cilia according to the modelled properties of the surrounding fluid [34]. It should be noted
that although the internal structure of the cilium and surrounding fluid were modelled in three
dimensions, the beating pattern used in these simulations was strictly planar.

In these simulations each cilium started with an initial random phase, so that the cilia were
not initially synchronised with one another. At each time step the internal phase of each cilium
was adjusted to reduce the work done by that cilium against the surrounding fluid. Allowing the
motion of a cilium to adapt in this way resulted in the synchronisation of cilia over large distances.
More specifically a fixed phase difference between neighbouring cilia arose from hydrodynamic
forces, resulting in the formation of a metachronal wave over large distances [34]. We discuss
metachronal waves further in section 1.1.2.

In the work of Yang et al. [51], a two dimensional model of the cilium internal structure was
used to investigate the effect of cilia coordination on muco-ciliary transport. The cilium structure
in this model consisted of two microtubules connected by horizontal springs that represented

nexin strands [51]. The dynein motors were represented as diagonal force vectors acting in

3



CHAPTER 1. BACKGROUND

tangential directions for the active and recovery strokes. When the dynein motors contracted they
caused the cilium to bend and through coordinated switching of the active and recovery forces, a
beating pattern was achieved. The more complex form of the recovery stroke was controlled by a
bending algorithm that activated dynein motors based on the local curvature of the cilium [51].

The force based model used in these simulations allowed for the cilium beat profile to be
altered by hydrodynamic forces acting on the cilium from either the surrounding visco-elastic
fluid or neighbouring cilia. This resulted in changes to the beat frequency and motion profile
of coordinated cilia depending on the number of cilia and their relative positions. The results
from this study showed that two cilia in close proximity would synchronise rapidly, and that cilia
positioned further apart would exhibit metachronal behaviour [51]. A similar model created by
Gueron et al. has shown the same behaviour on a larger scale, simulating ten to one hundred
cilia [16]. The results from these simulations were also in agreement with simulation results
from Mitran [34]. The simulations showed that, relative to a single cilium, two coordinated cilia
would beat with a frequency that was 25% higher, and achieve a fluid flow rate that is 59% higher.
The addition of a third cilium resulted in a frequency increase of less than 2%, and a flow rate
increase of 20%. Increasing the viscosity of the surrounding fluid had the effect of decreasing the

cilia beat frequency, in agreement with experimental findings [33].

1.1.2 Metachrony

Metachrony is characterised by a fixed phase difference between neighbouring cilia resulting in
the propagation of the "effective region" [22], and has been evident since the earliest observations
of cilia [39]. More recent work focused on the simulation of cilia beating and the dynamics of the
surrounding fluids has shown that metachrony is vital for the efficient transport of visco-elastic
fluids such as mucus [22, 51]. Results from modelling both the internal and external forces acting
on a beating cilium imply that metachronal waves are caused by the hydrodynamic coupling
between neighbouring cilia [16, 34], as discussed in section 1.1.1.

In the work of Hussong et al. [22] simulations were carried out to investigate the effects of
metachrony alone, excluding the complex cilium beat profile. This was done by modelling an
array of beating cilia as a deforming porous layer immersed in a viscous fluid. The deformation of
the porous layer was representative of an array of straight cylinders that periodically rotated
in a planar motion about their base. Due to the symmetry of the cilia beat pattern used in this
model any net fluid flow could be attributed to the metachronal coordination of the system [22].
During the investigation the Reynolds number (Re) of the surrounding fluid was varied between
0.001 and 3500 to show the difference in behaviour between the viscosity and inertia dominated
regimes.

The first thing that was apparent from the results of the low Reynolds number simulations
is a distinctive upward fluid jet, shown in figure 1.3a, that was caused by the contraction of the

porous layer. This contraction was representative of two neighbouring cilia moving towards one
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Figure 1.3: Simulation results for (a) Re = 1 showing the formation of two rotating cells and (b)
Re = 2000 showing the formation of a single rotating cell. Red arrows indicate velocity of the solid
phase, blue arrows indicate the velocity of the liquid phase. Graphic reproduced with permission
from Hussong et al. (2008) [22].

another as a result of the phase difference between their beating cycles [22]. In the viscosity
dominated regime, the fluid on the left side of the jet (as it is seen in figure 1.3a) was drawn
down and back into the porous layer by the increasing porosity caused by its expansion [22]. This
formed a recirculating cell that was not mirrored on the opposite side of the jet, so that fluid on
the right side of the jet was drawn down and into the recirculating cell of the neighbouring jet.
This asymmetry caused a net flow in the direction of the metachronal wave (to the right) along a

transitory channel that was "driven" by a series of recirculating cells [22].

In the inertia dominated regime, they observed a similar yet distinct behaviour. In the results
shown in figure 1.3b, there was a significantly smaller upward jet of fluid that flowed almost

entirely to the left and back down into the porous layer forming a single rotating cell (per
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(a) (b) (©)

Figure 1.4: Graphical representations of three different cases of cilia phase: (a) Synchrony
(b) Antiplectic metachrony (c) Antiplectic and diaplectic metachrony. Graphic reproduced with
permission from Jayathilake et al. (2012) [24].

metachronal wavelength). The rotation of this single cell caused a very slow net flow of fluid along
its top surface, in the opposite direction to the metachronal wave [22]. These results indicated
that metachrony plays a major role in the process of muco-ciliary clearance, by showing that it
alone is enough to induce a directional flow in a viscous fluid.

Jayathilake et al. [24] have investigated the effect of both antiplectic and diaplectic metachrony,
just as it was observed in pulmonary cilia by Gheber and Priel [15]. Jayathilake et al. used a three
dimensional cilia model to evaluate fluid flow in both the stream-wise and span-wise directions.
For simplicity, we refer to the direction of the active stroke as the x direction, and the orthogonal
in the plane of the epithelium as the y direction. The key factor of these simulations is that
they included the full three dimensional cilia beat profile, so that the work done by the recovery
stroke in the y direction can be taken into account. It should also be noted that these simulations
included only the PCL with no mucus layer. This model was used to investigate the effectiveness

of an array of 72 cilia in three different cases [24], as shown in figure 1.4:

A. No phase difference between cilia (synchrony)
B. Phase difference in the negative x direction (antiplectic metachrony)

C. Phase difference in both the negative x direction and the positive y direction (antiplectic

and diaplectic metachrony)

The results of these simulations showed that in case A there was a large fluctuation in the
direction of fluid flow over time, but there was still a net flux of fluid in the positive x direction,
as can be seen in figure 1.5a. This indicated that the asymmetry of the cilia beat profile was only
partly effective in causing directional fluid flow [24]. Fluctuations in flow direction were also
present in the y direction. In case B the introduction of a phase step to create the metachronal
wave dramatically reduced the fluctuation in fluid velocity in both the x and y directions. This
resulted in a significant increase of net flux in the positive x direction and a reduction of the

net flux in the negative y direction. Case C showed a small additional increase of net flux in
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Figure 1.5: Fluid flow over time in (a) the x direction and (b) the y direction for three different
cases of metachronal coordination. Graphic reproduced with permission from Jayathilake et al.
(2012) [24].

the positive x direction, as well as a small increase of net flux in the negative y direction when
compared to the results from case B. The resulting velocity in the y direction is roughly 5% of
that in the x direction. Further simulations of case C [24] showed that there was a linear increase
in x velocity with increasing cilia beat frequency, in agreement with other 2D and 3D simulation
results [7, 22, 41]. We have investigated this behaviour further using our own numerical model

in section 5.1.
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Ding et al. [11] used a regularised Stokeslet method with the cilia beat pattern defined by
Fulford and Blake [14] to investigate the effectiveness of both fluid flow and mixing driven
by cilia beating. They compared results for the synchronised case, symplectic metachrony and
antiplectic metachrony. Their results showed that both types of metachrony improved fluid flow
compared to the synchronised case, although they noted that there are specific cases where a
symplectic metachronal wave with a long wavelength could generate fluid flow that is slower than
in the synchronised case [11]. They observed that the optimal case for both fluid flow and mixing
occurred when the cilia were beating in an antiplectic wave with a phase step between cilia of
A¢ = /2. They also observed that optimal fluid transport universally corresponded with optimal
mixing, and that there was minimal difference between antiplectic and symplectic metachrony in

their results.

Chateau et al. [6] conducted a similar investigation to determine how volumetric flow and
fluid mixing were affected by the metachronal wavelength of a cilia array. Their model was based
on the Immersed boundary Lattice Boltzmann method described by Li et al. [32]. This model was
used to simulate cilia driven fluid flow in a binary fluid with two distinct layers of Newtonian
fluid with different viscosities. They looked into the development of metachronal waves within the
cilia array by allowing the beating cilia to change their movement speed in reaction to the forces
experienced from the fluid around them. They found that the cilia were able to coordinate from
an initially random state into a metachronal wave purely by the hydrodynamic forces between
them. This behaviour could be controlled by tuning the strength of the forces that were felt by
each cilium [6]. They observed that the forces between the fluid and the cilia during the active
stroke of each cilium were much higher in the case of antiplectic metachrony, suggesting that
more energy was being transferred from the cilia to the fluid in this case. This also meant that in
their simulations the active stroke was slower than the recovery stroke for an antiplectic wave

which is different from in vitro observations [14].

Chateau et al. [6] also considered the effects of metachronal wavelength on fluid flow and
mixing. To observe this, they imposed a metachronal wave on the cilia array by introducing a
fixed phase step (A¢) between adjacent cilia, and removing the feedback force experienced by
the cilia. Their results, shown in figure 1.6, indicated that antiplectic waves (A¢ > 0) were more
effective in driving fluid flow, in agreement with Ding et al [11]. They also observed that the
improvement of fluid flow due to metachrony was reduced when the cilia spacing was larger
which they attribute to the cilia having less influence on each other when there was more fluid
between them [6]. They reasoned that the improved performance of an antiplectic wave was due
to the clustering of cilia during the recovery stroke, causing a greater net energy transfer in the

direction of the active stroke, and that the opposite was true in the case of a symplectic wave.
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Figure 1.6: Results showing that the total displaced volume of fluid is dependent on the phase
step between the beat cycles of adjacent cilia. Graphic reproduced with permission from Chateau
et al. (2017) [6].

1.2 Mucus Layer Formation

1.2.1 Transition between PCL and Mucus

It is apparent from experimental results that the separation of PCL and mucus plays a crucial
role in muco-ciliary clearance (MCC) [41, 46], allowing the cilia to move freely within the PCL
unhindered by visco-elastic effects, while the viscous mucus captures inhaled particles and

bacteria to transport them out of the lungs [46].

The clear boundary between the two layers is generally taken as a given when modelling MCC,
although Chatelin and Poncet [7] considered the effects of a continuous boundary on the efficiency
of MCC. The fluid was treated as a single fluid layer with a continuous relationship between
viscosity and depth. Two different viscosity profiles were considered: a sigmoid profile, and a
linear profile. Parametric dependencies were investigated in each case [7]. In these simulations
the efficiency of MCC was represented by the scalar quantity U that represents the net flow of
fluid in the x direction at the top of the fluid region. The cilia beat profile used in these simulations

was the same as in Li et al. [32], described earlier.

The length of cilia used in the model was varied between 3pum and 12pm, with a constant
fluid height of 13pum. The "transition length" of the sigmoid profile was seen as the position of
the boundary between PCL and mucus, and this was kept constant at 8ym [7]. Results from
these simulations showed that fluid flow rate increased with cilia length and peaked when the
cilia length was slightly larger than the transition length. This is in agreement with similar

studies that have shown that MCC is most efficient when only the active stroke of the cilium beat
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penetrates the mucus layer (ML) [41, 44].

In further simulations the ratio between the viscosity of the mucus and the PCL (f) was
varied over a large range showing that there was a distinct peak in fluid flow rate for the sigmoid
profile that was not present for the linear profile. In both cases there was a significant decrease
in fluid flow rate at very high mucus viscosity, which could be representative of the low level of
MCC present in Cystic fibrosis patients [7, 12]. Other simulations that allow for variation of beat
frequency have shown that in situations such as this, where the PCL has a higher viscosity, the
cilia beating frequency decreases and the resulting rate of MCC is significantly slower [45].

The final set of simulations presented by Chatelin and Poncet [7] investigated the relation-
ships between the three major parameters of the sigmoid viscosity profile, namely: the Viscosity
ratio between mucus and PCL (f), the viscosity transition stiffness (y), and the transition length
(6). The relationship between B and y displayed in figure 1.7a shows that the most efficient MCC
occured for a moderate § value and a large y value [7], indicating that mucus viscosity could
improve MCC, if the boundary between PCL and mucus were sharp enough to minimise the effect
of the recovery stroke on the mucus layer. The relationship between  and § shown in figure
1.7b supported this idea further by showing that the most efficient MCC occured with similar
values of § and values of 6 around the cilium length (6 — 9pm). Which also indicated that was
most effective when the cilia only interacted with the mucus layer during their active stroke.
The relationship between y and 6 shown in figure 1.7c indicated again that a sharp boundary
between the two layers makes for efficient MCC, and that this boundary being at around the

same level as the cilium length also improved MCC efficiency [7].

1.2.2 Peri-ciliary Brush

Recent experimental research has shown that the physical structure of pulmonary cilia is more
complex than in the models that we have discussed so far [5, 26]. A matrix of tethered polymer
strings have been observed attached to the cilia, forming what is called a "Peri-ciliary Brush"
(PCB) [5]. The presence of the PCB has two major implications: firstly the tendency for the PCB
to be more dense closer to the base of the cilia could mean that it plays a role in expelling mucins
and other particles from the PCL, creating the two distinct layers (PCL and mucus layer) and
maintaining ciliary mobility. Earlier work on the separation of the two layers speculated that
it could be caused by either thixotropic forces from the beating cilia liquefying any mucus that
is present between the cilia, or capillarity emerging from the dense packing of cilia suspending
the PCL between the cilia to prevent mixing of the two layers [50]. The mechanics of mucin
conformation and the separation of the two fluid layers are explored further in section 1.2.3.
The second implication is that the tethered polymer chains could cause elastic forces between
neighbouring cilia and contribute to the emergence and maintenance of a metachronal wave [26].

The gel-on-brush model proposed by Button et al. [5] suggested that the PCB prevents mucins

and inhaled pathogens from entering the PCL, as well as forming a supportive structure that

10



1.2. MUCUS LAYER FORMATION

(a)
02 Mean mucus velocity {m/s)
1
x 107°
g 22
£ 2
g 1.8
g 16
H 1.4
g 1.2
> 1
10°
Viscosity ratio §
(b)
0.9 Mean mucus velocity (m/s)
x 10
% 1.8
1; 16
i 1.4
i 1.2
g 1
& 08
102
Viscosity ratio 4
(©
Mean mucus velocity (m/s)
x 107
g 25
: 2
ug; 15
-
£ 1
= 0.5

0.3 04 05 0.6 07 08 09

Normalized transition length §
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prevents the PCL from being compressed due to an "osmotically active mucus layer" [5]. Evidence
for the existence of a PCB has been presented as electron microscope images of rapidly frozen
human bronchial epithelial samples that showed a dense mesh of polymer chains between cilia.
These mucins could not be removed by vigorous washings [5] that served to strip mucus from the
samples, so it was concluded that these mucins were tethered to the cilia membranes.

The mesh size was quantified by introducing two sizes of dextran molecules (40nm diameter,
and 2nm diameter), and measuring the penetration depths of the two molecules types [5]. These
molecules were labelled with different florescent colours (green and red respectively). Following
this experiment, a wider range of sizes were introduced and the resulting colour gradient of the
sample was used to generate an exclusion profile for the PCL. The resulting exclusion profile was
consistent with the proposition that the mesh density increases towards the base of the cilia.

The work of Button et al [5] went on to show that the presence of the tethered polymer
mesh in the PCL served to fix its minimal osmotic modulus. This means that if the hydration of
the airway increased, the ML becomes more hydrated and the PCL remains largely unaffected.
The same can be said of dehydration, with the limit that when the osmotic modulus of the ML
becomes greater than that of the PCL, the PCL will start to become dehydrated and compressed
[5]. This compression would severely impede ciliary motion; reducing and eventually stopping
muco-ciliary clearance. This behaviour can be linked to the symptoms of both cystic fibrosis (CF),
and chronic obstructive pulmonary disease (COPD) which are discussed in Section 1.3.

Further investigation into the composition of the PCB was carried out by Kesimer et al.
[26]. In this work the distribution of mucins was determined by karatan sulphate (KS) staining;
initially showing that there was a large difference between the spatial distribution of KS and
mucins 5AC and 5B. More specifically these two mucins were mainly present in the mucus layer,
while there was intense KS staining in the PCL [26]. These results suggested that there were
different mucins present within the PCL that were attached to the cilia. Subsequent experiments
used staining by immuno-fluorescence to identify that MUC1 was present at the base of the cilia
attached to the microvilli, and MUC4 was present along the ciliary shafts. These mucins were
also found in the mucus layer within "ciliary plumes" [26], after apparently being shed from the
cilia membrane. These results gave a more detailed account of exactly what the PCB is, as well as
re-enforcing the idea that the mesh became more dense towards the base of the cilia by showing

that there were also mucins attached to the microvilli between cilia.

1.2.3 Mucin Hydration

The mucins that form the mucus layer originate from goblet cells within the epithelium and
submucosal glands [47]. The mucins are released within the goblet cells and glands as condensed
grains made up of cross-linked polymer chains. These polymers hydrate during the process of
exocytosis to form a spheroid of entangled polymer gel up to 20pm in diameter within 4-8 seconds

[47]. The rapid expansion of mucins is driven mainly by a Donnan potential between the ions
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distributed within the polymer gel and the free ions in the surrounding fluid [43]. Expansion is
initially prevented by the presence of Ca?* ions acting as cross-linkers within the polymer grain;
during exocytosis these ions are removed by reacting with HCO3 and replaced with Na™ from
the PCL as the polymer hydrates. Thus the crosslinks are removed and the gel is free to expand.
The hydration of mucins has been observed to closely follow the first order kinetics of swelling
gels [47] as derived by Keener et al. [25]

(1.1) rt)=rr—(rp—re "

where 7 is the characteristic time of swelling, and r; and r¢ denote the initial and final
radius of the gel respectively. It has also been shown by Keener et al. [25] that there is a linear
relationship between 7, and r? for polymer gels, allowing the diffusion coefficient of the gel to be
determined as D = r}%/rs.

Electron micrograph images from the work of Verdugo [47] showed two stages of mucin
secretion in vitro: the appearance of convex bulges as mucins begin to emerge from the pores
of goblet cells, and the presence of mucins as discrete spherical globules once exocytosis was
complete.

The presence of goblet cells in the epithelium means that there are gaps of 10pm diameter
between ciliated areas [2]. The effect that these gaps have on MCC remains to be seen, although
results from Yang et al [51] showed that an increase in cilia spacing could reduce the net fluid
flow caused by each cilium beat. This also means that after exocytosis, the mucin emerges into
an unciliated area creating a region within the pulmonary system where the mucus layer can
effectively reach from the epithelium to the mucus-air interface. The effect that this has on MCC

also remains to be seen.

1.3 Disease States

There are three major diseases that can affect MCC: Cystic Fibrosis (CF), Asthma, and Chronic
Obstructive Pulmonary Disease (COPD). In this section each of these diseases is discussed, and

the symptoms of each that are relevant to MCC are identified.

1.3.1 Cystic Fibrosis

Cystic fibrosis (CF), also known as mucoviscidosis, is characterised by “the build-up of thick,
sticky mucus in multiple mucin-producing organs, such as the lungs, sinuses, intestine, pancreas
and reproductive organs.” [12]. As discussed in section 1.1.1, an increase in mucus viscosity
can directly affect MCC. Experimental data from Gustafsson et al. [17] suggested that the high
viscosity of CF mucus was due to the incomplete expansion of mucins. CF can also lead to

dehydration of epithelial surfaces, that would cause a decrease of overall fluid depth and lead to
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further reduction of ciliary beating as discussed in section 1.2.2. A reduction of PCL thickness due
to dehydration can also allow mucus to adhere to the epithelial surface, stopping MCC entirely
[12].

Situations where MCC stops, known as mucus stasis, can start a cycle of infection and immune
system response that can be fatal [12]. In brief: mucus stasis encourages bacterial growth within
the lungs, and as a response to this, neutrophils are released from the epithelium. The neutrophils
become trapped in the viscous mucus and release their DNA upon death, increasing the viscosity

of the surrounding mucus and causing further mucus stasis.

1.3.2 Asthma

The symptoms of asthma, although similar in many ways to those of CF and COPD, are identified
to have different root causes. Large collections of viscous mucus can plug the airways in cases of
severe asthma [37] with evidence showing that this can be attributed to a combination of mucin
hyper-secretion and goblet cell hyperplasia [42]. This results in a scenario where the reduced
number of ciliated cells (replaced by goblet cells) are insufficient to clear the large amounts of
mucus being produced [37].

Experimental results have also indicated the presence of several other components in the
mucus of asthma patients that were rarely present in control samples. The presence of MUC2
alongside an increase in MUC5B indicated a change in the function of goblet cells which would
lead to the mucus in asthma patients having different rheological properties [37]. Experimental
results have indicated that plasma proteins, and even DNA, were present in the mucus of some
asthma patients [38]. The source of these proteins is thought to be post-capillary venules close to
the epithelium. This too would cause a change in the rheology of the mucus, and possibly impede
proper mucin hydration due to the dilution of PCL with plasma.

Mucin tethering, which is also present in CF patients, is a significant contributor to the
development of mucus plugs in asthma patients [42]. Recent experimental work has shown that
MUCS5AC has a tenancy to tether to the epithelial surface in asthma patients [4]. The cause of

the tethering is unknown at this time.

1.3.3 COPD

Chronic obstructive pulmonary disease (COPD) is technically not a disease in its self, but the
term for airflow obstruction associated with chronic bronchitis and emphysema [1]. Common
symptoms shared by COPD and Asthma are goblet cell hyperplasia, and submucosal gland
enlargement [37]. However, the submucosal glands in COPD patients have been observed to
have an increased number of mucous cells and a corresponding decreased number of serous cells
resulting in hyper-secretion of MUC5B specifically.

Another important factor of COPD is "squamous metaplasia" of the epithelial cells [1],

meaning that both goblet cells and ciliated cells become flattened and unable to function. This
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causes there to be large areas of the epithelium where no cilia are present, which has a drastic

effect on MCC and could allow an excess of mucus to build up in the lungs.

1.4 Summary

The wide range of existing work in the field of cilia driven fluid flow has provided us with an
insight into the important factors that must be considered while studying the mechanics of cilia
beating.

The internal structure of a cilium has been well documented, which gives us a strong basis for
modelling a cilium and it’s distinctive beating profile. Simulation results from several different
sources have demonstrated the importance of metachrony in cilia driven flow, and shown that
even small changes to the metachronal wavelength and cilium spacing can affect fluid flow.

Investigations into the rheology of the fluid surrounding the cilia have shown that the
separation of mucus and PCL into two distinct layers is vital for effective cilia driven flow. They
have also shown that the differences in rheology between the two layers plays a role in generating
fluid flow. Multiple sources have shown that the cilia only penetrate into the mucus layer during
the active stroke, which increases the flow rate of mucus.

Previous work looking at the process of mucin hydration has helped us to understand the
visco-elastic properties of the mucus layer and how it is formed. This work has also given us some
information about the cells that make up the epithelium, and that not all of them are ciliated.

Studies of the diseases that can affect the pulmonary epithelium have given us some idea
of the limitations of cilia driven flow, and how changes to the rheology of the mucus and the
structure of the epithelium can cause cilia driven flow to stop completely.

The work included in this chapter has given us a strong foundation on which to build a
representative numerical model of the system, and used that model to take a more in-depth look

at some of the phenomena that have been observed previously.
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COMPUTATIONAL METHODS

In this chapter we give details of the methods that we have used in our work to model cilia driven
fluid flow. We describe the equations that form the basis of the lattice Boltzmann algorithm and
how these equations describe fluid flow, along with the results from benchmarking tests that
we carried out by simulating the well documented behaviour of fluid flowing past a stationary
cylinder. We also describe how we have represented a beating cilium as an immersed boundary
that interacts with the fluid lattice through external forces.

We provide details of how our computational model has been adapted to simulate the be-
haviour of a binary fluid with visco-elastic properties, and results from benchmarking tests to
ensure that visco-elastic behaviour is properly represented in our model. We give a clear outline of
how fluid flow rate is derived from our simulation results and define the boundary conditions and
simulation parameters that are used in all of our simulations of cilia driven fluid flow. We present
the results of a convergence test that we conducted to select a numerical Reynolds number that
would give us results that are representative of the in vivo system without making the run times
of our simulations excessively long.

We give an outline of the program that we have written to carry out our simulations complete
with pseudo-code of the functions used for each step of the lattice Boltzmann algorithm, with

some details of how our code has been optimised for running on a GPU.

2.1 Building the Numerical Model

2.1.1 The Immersed Boundary Lattice Boltzmann Algorithm

The lattice Boltzmann method is based on the idea that a fluid can be discretised as an array
of static Eulerian nodes, each of these nodes is assigned a set of lattice vectors ¢; that point
in the directions of the adjacent nodes [28]. Each lattice vector also has a population density
component f;(X,t) associated with it, and the magnitude of each component represents a fraction
of the population density of the fluid at that node. In two dimensions it is standard practice to

assign nine vectors to each node as shown in Fig. 2.1, forming a D2Q9 lattice. The evolution of
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Figure 2.1: A representation of the population densities assigned to each node in a D2Q9 lattice
Boltzmann fluid node.

population densities at each time step is governed by the lattice Boltzmann evolution equation:

(2.1) fi(£+c_>i,t+1)—fi(5c>,t)=Qi(5C',t).

This means that for each time step the population density associated with a lattice vector is
passed to an adjacent node in the direction of that vector (streaming). The passage of population
density from one node to another is modified by some collision operator Q;(x,¢) [48]. We initially

used the BGK collision operator [28] given by

2.2) Q== [fi- 1]
T

where 7 is the relaxation time of the fluid and fi(O) represents the equilibrium particle distribution

calculated from the fluid density p(%,¢) and velocity #(X,t) at each node by

G- (G-u)P  ut

c2 2ct 2¢2 '

(2.3) £ = pw; |1+

with w; representing weight functions that are defined as part of the dimensions of the lattice,
and ¢ representing the dimensionless speed of sound on the lattice ¢s = % The inclusion of
immersed boundaries requires a external force term F;(x,#) to be added to equat