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Preface by the Director of the Centre of Mathematical Medicine, Fields

Institute

The resounding success of the first Fields-MITACS Industrial Problems Workshop in
2006 (FMIPW), paved the way for the OCCAM-Fields-MITACS Biomedical Problem Solv-
ing Workshop that took place June 22-26, 2009. This was the first Mathematics-in-Medicine
Study Group (MMSG) meeting to be held on Canadian soil, and it’s unmitigated success
ensures that it will, no doubt, become a regular feature at Fields and in Canada, in future
years.

MMSGs are workshops intended to foster interaction between mathematicians and
biomedical researchers. These were pioneered in the UK, with a now over 10 year dis-
tinguished history. Biomedical researchers/scientists/clinicians from experimental labora-
tories/hospitals/universities/companies are invited to present problems of current interest;
these problems may come from a very wide range of subject areas, the only prerequisite
is that these problems should be amenable to mathematical modelling and anlaysis (in
a broad sense). MMSGs have served to establish strong links between clinicians, exper-
imentalists and mathematicians, and to engage a new generation of mathematicians and
experimentalists in this exciting interdisciplinary field. The stated objectives of the work-
shop (in the tradition of Industrial Study Groups) were fourfold : (1) to introduce math-
ematicians/modellers to the rich source of problems arising in one of the “last frontiers”
for mathematics, the biomedical sciences, (2) to effectively aid clinicians and biomedical
researchers to exploit and incorporate current mathematical/computational tools, (3) to
engage and train a new generation of mathematicians in the interdisciplinary field of math-
ematical medicine/biology, and finally (4) to provide a natural opportunity and ambience,
conducive to fostering and encouraging long term interdisciplinary collaborations.

Quite clearly, the meeting succeeded admirably on all counts. For those who have never
had the good fortune or opportunity to participate in a Study Group meeting of this na-
ture, this Proceedings volume will give a polished but sanitized account of what actually
transpired over the course of five exhilarating days in June 2009. Although the core of the
ideas and models presented in this volume, were culled during these five intense days of
discussions and dialogue, nothing can capture the energy and enthusiasm that engulfed the
Medical Sciences Building at the University of Toronto, during this short but invigorating
period of time. Roughly half of the seventy five attendees were experienced Study Group
participants, of which a significant number were seasoned veterans from the UK. Incredibly,
although no-one is constrained to work on any particular problem, in “steady state” each
of the problems had roughly a sixth of the total number of participants, all enthusiastically
working towards a clearer formulation or resolution of their particular problem. In retro-
spect, much of the smooth functioning of the workshop, should probably be attributed to
the deftness and experience with which Huaxiong Huang, Sean Bohun, Nilima Nigam and
Chris Breward (amongst others), shepherded the appropriate expertise to where it was most
required. Lunches and coffee/tea breaks are provided on site, and many groups (engrossed
in their problems) worked late into the nights, well past the daily briefings that took place at
5:30pm each day. The six problems presented, spanned a very broad spectrum of questions
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of biomedical interest : The first problem on “Constitutive Models for Tumour Classifica-
tion” presented by Corina Drapaca (Penn State) posed the question of how to distinguish
between normal and abnormal tissue (in particular, how to differentiate between benign and
malignant tumours) by developing an appropriate constitutive theory. The second problem,
presented by Miles Johnston (Sunnybrook & Womens Hospital Research Institute) focussed
on possible molecular mechanisms underlying the pathogenesis of hydrocephalus and the
possibility of incorporating these in a mathematical model to predict ventricular distension
resulting from hydrocephalus. Problem three, presented by Svetlana Komarova (McGill)
posed the question of the identification of mediators of mechanotransduction between bone
cells. Bone mass and architecture are apparently regulated by mechanical forces leading
to increase in bone mass in response to excessive loading, or decrease in bone mass in the
absence of physical activity (or loading). The objective here was to develop a theoretical
framework which could explain the means by which mechanical stimulation is communi-
cated among bone cells. The fourth problem, presented by D. Bassett and J. Barralet
(Strathcona Anatomy & Dentistry, McGill) was concerned with the formation of calcium
carbonate crystals in a gas diffusion process, where various characteristics of the crystals
suggest an underlying process regulating crystallization. Problem five was presented by
Sushrat Waikar (Brigham & Women’s Hospital, Boston) and addressed a question associ-
ated with haemodialysis. Although the process is well understood, what was unclear was
the overall effect on net blood sodium concentration levels post treatment. The focus for
this problem was on the development of a fundamental model to address this issue. The
sixth and final problem, presented by Mustafa Al-Zoughool (Ottawa) and Susie El Saadany
(Public Health Agency, Canada) addressed a particular public health concern. Variant
Creutzfeldt Jakob Disease (vCJID) or “mad cow” disease is characterized by long incuba-
tion periods, spongiform changes and astrogliosis. The focus here was on the development
of appropriate mathematical models for estimating the risk of vCJD transmission.

This volume is a detailed record of the progress made on these problems during the
five critical days of the meeting, followed up and embellished over subsequent months by
various group members. However, it cannot unfortunately capture the frenetic, energised
and enthusiastic spirit that pervaded the meeting. Participants grabbed quick meals and
worked late into the nights (fuelled by coffee and tea) to present and demonstrate the
significant progress that had been made over the week, almost uniformly on all six problems.
In wandering through the various groups and group discussions, I was struck by the probing,
fearless questions and different perspectives brought to bear on each of the problems - it
certainly brought home the old Chinese adage “He who asks a question may be a fool for
a minute, he who does not, remains a fool forever”! This volume is by no means the final
story - it represents the first steps taken in addressing questions that are of significant public
and/or research interest, but to borrow Lao Tzu’s words “A journey of a thousand miles
begins with a single step”. The meeting and the collaborations established, will hopefully
develop into a longer and even more productive journey. What seems transparently clear
from the meeting, is that this type of endeavour is not a straightforward path with the
journey clearly mapped out. It combines both scientific method as well as more creative and
artistic traits, and a successful exponent or practitioner must also use analogy in addressing
such a variety of often seemingly disparate problems. How does one effectively train a
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new generation of researchers to embrace and flourish in this type of “problem solving”
interdisciplinary research environment - this is probably the million dollar question! - a
first step is certainly to participate in one of these Math-in-Medicine Study Groups. As
many seem to have discovered to their ultimate benefit, once bitten there is no escape!

Siv Sivaloganathan
Director, Centre of Mathematical Medicine, Fields Institute
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Abstract. The aim of this paper is to formulate new mathematical models that
will be able to differentiate not only between normal and abnormal tissues, but,
more importantly, between benign and malignant tumours. We present preliminary
results of a tri-phasic model and numerical simulations of the effect of cellular
adhesion forces on the mechanical properties of biological tissues.

1 Introduction

Diagnostic radiology is an exciting and rapidly expanding multi-disciplinary field of
clinical medicine which links medicine to science and engineering. It enables noninvasive
imaging and investigation of structure and function of the human body, and a unique insight
into disease processes in vivo. One such imaging technique, called Magnetic Resonance Elas-
tography (MRE), is used to measure the elasticity of biological tissues subject to mechanical
stress [8, 9]. The resulting strains are measured using magnetic resonance imaging and the
related elastic modulus is computed from models of tissue mechanics. The elastic modulus
contains important information about the pathology of the imaged tissues. Thus, MRE can
help in tumour detection, determination of characteristics of disease, and in assessment of
rehabilitation.

It was noticed experimentally that most biological tissues have incompressible viscoelas-
tic features: they have a certain amount of rigidity that is characteristic of solid bodies,
but, at the same time, they flow and dissipate energy by frictional losses as viscous fluids do
[3, 4]. The incompressibility assumption for soft tissues is based on the fact that most tissues
are made primarily of water. In addition, since the displacements in MRE are very small
(on the order of microns), a linear constitutive law is usually assumed. However, despite the
richness of the data set, the variety of processing techniques and the simplifications made

1csd12@psu.edu

©2009



2 Constitutive Models for Tumour Classification

Figure 1.1 (a) Benign tumour: the fibrous connective tissue capsule (orange) separates
the inside benign cells (black boundaries) from the outside normal cells (yellow). (b)
Malignant tumour: the irregularly-shaped cancer cells (red boundaries) are anisotropic
and non-localized.

in the biomechanical model, it remains a challenge to extract accurate results at high res-
olution in complex, heterogeneous tissues from the intrinsically noisy data. Therefore, any
improvement in the MRE data processing with the help of biomechanics and computational
methods will be of significant importance to modern medicine.

The aim of this paper is to formulate new mathematical models that will be able to
differentiate not only between normal and abnormal tissues, but, more importantly, between
benign (not cancerous) and malignant (cancerous) tumours. As it can be seen in Figure
1.1, benign tumours are localized, self-contained (encapsulated), with smooth boundaries,
and tend to be more isotropic. On the other hand, malignant tumours are not localized,
not self-contained, have irregular boundaries, and are anisotropic. Recent advancements in
molecular biology [2] show that the cell-cell and cell-extracellular matrix adhesion forces
play an important role in the localization of the tumours, with malignant tumours having
a much poorer adhesion to the surroundings than benign tumours. It is important to
notice that the cell-cell adhesions are rearranged dynamically during tissue development
and tumour metastasis but the few existing mathematical models of the cell-cell adhesions
are all static models. The modeling of the adhesion forces in normal tissues and tumours
is still an open problem in mathematical biology.

In order for the MRE method to correctly classify the tumours of a given tissue as benign
or malignant, the mathematical models of these two classes of tumours need to incorporate
the differences between them. In the present paper we focus on mathematical models that
incorporate information about microstructure and cellular adhesion forces. We pursued the
following three approaches: (i) the simulation of the time-harmonic linear elastic models to
examine coarse scale effects and adhesion properties, (ii) the investigation of a tri-phasic
model, with the intent of upscaling this model to determine effects of electro-mechanical
coupling between cells, and (iii) the upscaling of a simple cell model as a framework for
studying interface conditions at malignant cells. The model used in simulation (i) is inspired
by the dynamic MRE method where shear periodic forces are applied on the tissue [7].
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2 Preliminary qualitative experiments

As a first step in developing a constitutive model that distinguishes benign and malig-
nant cells, we consider a simple model of elastic waves propagating through inhomogeneous
media. We start with a simple scalar PDE model (2.1) of transverse periodic waves propa-
gating through an inhomogeneous, almost incompressible, linearly elastic tissue:

?u 1 1\2

Oy — v (u(a,) V) =0, @ne(-33) . 2w
1 11

U <fL‘, 2> - COS(Wt)a S |:2, 2:| y (21b)

ou ou 1 1

du ou _ — oy = 2.1

ot TV, =0 v=to,y=g (2.1¢)

The quantity u is the transverse displacement due to propagation of elastic waves and the
quantity p(z,y) is one of the Lamé coefficients, and n is the outward unit normal. Based on
the fact that longitudinal waves propagate at much higher speeds than shear waves through
biological tissues, we neglected any longitudinal effects. The boundary condition (2.1b) is
the periodic force acting on the top of the domain that causes the transverse waves. The
boundary condition (2.1c) is an absorbing (Sommerfeld) boundary condition to prevent
reflection of waves. We generate simple finite-difference solutions of this wave equation to
help us distinguish useful modelling criteria. We experiment with a simple geometry (a
large tumour as in Figure 2.3) and a more complicated one (a cluster of smaller tumour
cells as in Figure 2.4).

We assume that the motion within the tissue is time-periodic with a frequency equal to
that of the forcing oscillations, w. This allows the system (2.1) to be transformed into the
frequency domain:

11 11
2 . _ - -
w*U +div (uVU) =0, (x,y) € ( 2,2) X < 2,2>, (2.2a)
1
U=1, y=-3 (2.2b)
oU 1 1
\/ﬁ% +wU =0, T = :|:§7 y=35 (2.2¢)

where U is the Fourier transformed displacement field at frequency w.

The Sommerfeld condition (2.2¢) introduces artifacts along the edges when waves are not
traveling perpendicularly to the boundary. To combat this, the simulations were performed
on a larger domain and then trimmed to remove the artifact. This effect is shown in Figure
2.1. Since most of the artifact is removed by trimming in this extreme case when waves are
traveling parallel to the boundary, it is expected that this procedure will perform adequately
when inclusions are introduced that deflect the travelling waves.

The system (2.2) was discretized on a rectangular grid, and converted into the following
matrix problem:

LU = R, (2.3)
where U is a vectorized version of the displacement field, and L is a sparse matrix repre-

senting the discrete version of the left-hand operator with right-hand terms R from Sys-
tem (2.2). This was solved in MATLAB using the backslash operator, which implements a
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Figure 2.1 Left: Expanded domain with Sommerfeld conditions applied on the left, right
and bottom sides. Right: trimmed domain to remove artifacts caused by the Sommerfeld

conditions.

Table 2.1 Simulation Parameters

Grid Size | 500 x 500 points
w 100 Hz
Hbackground 250
HMinclusion 750

modified Sparse Cholesky Factorization method. The real component of the solution then
represents the displacement field at time ¢t = 0.

The lengths of the domain were scaled to be a unit square. The background stiffness of
the material was then scaled to admit six full wavelengths, which corresponds to experiments
performed on agar-agar gels in the MRE Lab at Mayo Clinic. The shear modulus for
tumourous regions was set to three times that of the background to agree with the agar-
agar experiments. Simulation parameters are summarized in Table 2.1.

Recall that benign tumours tend to adhere well to the surrounding normal tissue as
compared to malignant tumours. Thus, for the full-adhesion simulations of benign tumours,
we assume that there is a smooth, continuous transition between the background and tumour
tissues. While the waves in Figure 2.3 change their wavelengths when passing through the
stiffer tumourous regions (for reference see Figure 2.2 for the case without an inclusion), the
waves in Figure 2.4 penetrate between the cluster of smaller tumours without a significant
change of wavelengths. That is, there is a higher chance that the latter case will avoid
detection when using the MRE technique.
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Figure 2.2 Propagation of elastic waves with no inclusions.

Figure 2.3 Propagation of elastic waves through a large tumour with perfect adhesion.
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Figure 2.4 Propagation of elastic waves through a diffuse tumour with perfect adhesion.

To simulate a no adhesion property for malignant tumours, we impose a zero Neumann
condition on the tumour-background tissue interface. To reduce complexity, normal deriva-
tives along the interface were estimated using a first-order finite difference scheme. Because
of this zero Neumann condition, the tumour regions are not affected by motions in the
background material as seen in Figures 2.5 and 2.6.

In order to account for adhesive effects more realistically, we propose the following
improved interface conditions to model cellular adhesions:

m [‘ZZK = a[U]T, (2.4)
2 -0 25)

)

where ‘+’ indicates values in the background region, indicates the tumour region, n
is the normal direction at the interface from background to tumour, 7 is the tangential
direction, and « is an experimental jump parameter. Interface derivatives were estimated
using first-order finite differencing. With this jump condition, points along the interface
between background and tumour tissue must be repeated in U in order to admit the two
values Uy and U_ at each interface point. Results are presented in Figure 2.7.

These preliminary experiments support the conjecture that adhesion effects can be ob-
served in the measured displacement field and hence motivate a deeper exploration of multi-
scaling models that incorporate them.
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Figure 2.5 Propagation of elastic waves through a large tumour with no adhesion.

Figure 2.6 Propagation of elastic waves through a diffuse tumour with no adhesion.
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Figure 2.7 From left to right: o = 0 (second image), o = 10° (third image), and contin-
uous boundary U_ = U4 (o = oo) (forth image)

3 A tri-phasic model

Inspired by [12], we assume that a biological tissue is a mixture of an intrinsically
incompressible, isotropic, porous-permeable-charged linear elastic solid phase containing the
extracellular matrix and the (linear viscoelastic) solid cells, an intrinsically incompressible,
isotropic, Newtonian viscous fluid phase containing the interstitial fluid, and an ion phase
with, for now, two monovalent ion species: anion (-) and cation (+). The solid phase and
the ion phase are electrically charged, while the fluid phase and the tissue as a whole are
electrically neutral.

The constitutive equations are [5, 12]:

o = —pl + Asel + 2pge, (3.1)
p? = pg +[p— RT(ct + ¢ )® + Bye]/p®, (3.2)
p = pg + (RT/Mp)In(ych) + Fop /Mo, (3.3)
po=py + (RT/M_)In(y—c™) = Fep/M_, (3.4)

where the first equation is Hooke’s law for the linear elastic phase, and the last equations are
the constitutive equations for the fluid phase and the ion phase. We have denoted by p the
fluid pressure, o the stress tensor in the elastic solid, € the strain tensor in the elastic solid
with e = tr(e) As, us the Lamé coefficients which depend on solid volume fraction and ion
concentrations ¢, ¢, R is the universal gas constant, T' is the absolute temperature, B,
is a coupling coefficient, u* is the chemical potential of the fluid phase, i is the reference
chemical potential of the fluid, ® is the osmotic coefficient, p*“ is the true mass density of
the fluid, 1 is the electric potential, v ,~_ are the activity potential coefficients, u*, 4~ are
the electro-chemical potentials of the ion species with ,uar, Ho the corresponding reference
electro-chemical potentials, M, M_ are the molar weights of the ionic species, and F, is
the Faraday constant.
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The governing equations are:

_ SOv°
dive = 1% W’ (35)
divv® +divJ® =0, (3.6)
w
8(¢atc ) 4 divI* 4+ div (¢¥etv) = 0, (3.7)
a("ﬁa:_) +divI™ +div (6¥e V) = 0, (3.8)

where ¢ is the porosity of the tissue and the water and ion fluxes relative to the solid
phase are given by:

IO =¢"(v" —v?), (3.9)
Jt =¢%ct (v —v9), (3.10)
J" =9 (v —v7), (3.11)

with v, v?, vt v~ the velocities of the corresponding phases. The governing equations
need to be solved for the solid displacement and the water and ion fluxes. The boundary
conditions are continuity of these unknown quantities across the boundaries between phases.
It is important to notice that the continuity equations of the ions will need to be changed
such that they model abnormal diffusion processes happening in a tissue when tumours
appear and start to grow. We will address these modeling issues in our future work.

We assume further that a biological tissue is locally homogeneous at the macroscopic
scale and its microstructure is made of periodic pores. Each electroneutral pore is saturated
with the same amount of each of the three phases. The upscaling homogenization must be
done in both spatial and temporal scales, since mechano-chemical processes at the micro-
scale are faster than those at the macro-scale. For simplicity, we can take the Laplace
transform of the governing equations and do only the homogenization in space for the
Laplace transformed quantities. We introduce the small parameter a = z/X << 1 with =
the pore length scale, and X the macroscopic scale length, and assume that

fla, X50) = folx, X) + afi(z, X) + a® fo(z, X) + ...,

where f is any of the Laplace transforms of u®,J%,J*,J~. Then the corresponding a™-
order boundary value problems, n = 0,1,2,... will have to be solved. We plan to report
on the solutions to these problems in our further publications.

4 Up-scaling a malignant tumour model

We assume that malignant tumours are characterised by their cells’ dispersion, lack of
adhesion, and higher stiffness relative to surrounding normal tissue. As such, we develop an
elastomeric model for malignant tumours based on a two-scale homogenization, where our
aim is to present the macro-scale effect rendered by elastomeric interactions of individual
tumour cells with normal tissue at the micro-scale.

Figure 4.1 gives a schematic of the classical two-scale homogenization approach. We
assume some small length scale €, in our case representing the size of a single malignant tu-
mour cell. Assuming a small-scale pattern, we solve a so-called cell- or unit-problem at this
scale, and use the solution to the unit-problem to present a PDE model with average pa-
rameters, effective at scales much larger than e. From the perspective of resolving malignant
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Figure 4.1 Schematic of up-scaling the dispersed malignant tumour model. From the
periodic microscopic model at the left, we solve a pair of unit-problems [centre], and
discover elastomeric parameters describing the average behaviour of the tissue at the large
scale [right].

tumours, our expectation is that the parameters in the PDE up-scaled from this malignant
cell model will differ greatly from those parameters representing a benign tumour.

Although we outline the development below, further details on two-scale homogenization
for divergence-free systems can be found in several texts, see for example [6, 1].

4.1 Two-scale expansion. We examine a two-dimensional malignant cell model, where-
upon the malignant cell is a circle in the centre of an e-sized square, the remainder of the
square representing healthy cells, see Figure 4.2. Our model is a PDE describing linear
elastomerics in the time-harmonic case:

div(pVu) + w?pu =0, x € Q,

Hon

[ a“r =0, z€A, (4.1)

[u]lL =0, €A,
In our setting, we recall that only the second of the Lamé parameters, u, (also the shear
modulus) appears, owing to the remarkable difference between shear and compression wave
speeds, and our subsequent detection only of shear waves in tissue. Parameters w and p
are the driving frequency and tissue density, respectively, and the solution u : @ — C is
understood to be the complex amplitude of the time-harmonic wave over the domain 2,
representing the excited tissue. At A, the interface between the malignant cell and its
healthy surroundings, we assign two boundary conditions. These conditions represent the
strength of the attachment of the malignant cell to other tissue, understood in reality to
be quite poor. The notation [-]T represents the jump in the argument from one side of A

to the other. The boundary conditions in (4.1) represent a cell that is well-attached to its
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\ e “y,

M= [n

Figure 4.2 Unit cell geometry for up-scaling stiffness. The up-scaled stiffness parameter
1" depends on the elastomeric stiffness parameter p within and without of the malignant
cell, as well as on the boundary conditions at the cell interface.

surroundings. In contrast, setting

ou

ua—n =0, z€AT, (4.2)

where AT represents the face of the boundary incident on the healthy cells, represents a
malignant cell completely unadhered to the surrounding tissue. We examine these two
extremes here, and suggest alternative boundary conditions which compromise between
these two extremes at the end of this section. In any case, the up-scaled stiffness parameter
w*, the effective stiffness at scales much larger than e, will depend on the stiffness within
and without of the malignant cell circle, as well as on the boundary conditions at the cell
interface.
The up-scaling begins by assuming a two-scale solution,

uc(z) = u(z, z/€) = u(x,y) ~ ug + euy + ug + . . ., (4.3)

where u, is periodic in y, based on the observation that the shear modulus pu = p(z/e) =
u(y). We refer to our e-domain as ), which has unit area, and over which we have periodic
boundary conditions. Applying this expansion to our model (4.1), we have

€ 2 [divy (uVyuo)]

+ e [divy (u(Vauo + Vyur)) + dive (uVyuo)]

+ € [dive (1(Vauo + Vyur)) + divy (u(Vaur + Vyus)) + pw?ug]
+ O(e) = 0.

—~ o~~~
=
N O Ut
~— — ~— ~—
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The O(e~2)-term, combined with the periodic boundary conditions, gives ug = ug(x). Since
Vyuo = 0, the O(e™!) equation is
—divy (uVyur) = divy (uVyuo(x)). (4.8)

That is, the adjustment u; depends linearly on ug(z), and we can write

2
ur(z,y) = Zwi&ciuo, (4.9)
i=1
where
— divy (uVyw;) = divy(pe;) (4.10)

together with boundary conditions on A form the unit-problem for the homogenization. e;
are unit basis vectors.
In the O(1)-term in (4.7), we apply the Y-periodicity of the solution, observing that

/ divy (u(Veur + Vyus)) = / 1w(Vaur + Vyug)'n = 0. (4.11)
Yy oy

Thus, substituting V,ug(z) = 25:1 €;0z,up, the linear dependence of u; on V,ug gives the
O(1) equation

2
div, [Z </ wie; + Vywi)> D0 | + pwug = 0. (4.12)
i=1 Y
Finally, observing that as a weak solution to the unit-problem, the w; satisfy
/ (e; + Vywi) T uV,w; =0, (4.13)
Yy
we can rewrite (4.12) as
div(p*Vug) + pw?ug = 0, (4.14)
where
piy = [ o ) e + Vo) (1.15)

is the up-scaled shear modulus. The up-scaled modulus is clearly symmetric, and it is
possible to show that provided p(y) > 0, then the operator resulting from p* is uniformly
elliptic. Although it is common practise to normalize this integral by the volume of the unit
cell, we have chosen Vol())) = 1 in this case.

Note that in general, even if u is a scalar at the scale of the unit-problem, representing
an isotropic shear modulus, expression (4.15) shows that it may not be scalar when up-
scaled. In our setting, however, we have chosen the inclusion in our unit-problem to be
circular. This avoids setting any preferred direction in our problem, and hence we expect
our up-scaled shear modulus to be isotropic.

We have ignored any contribution of the Helmholtz term to the up-scaling calculation.
It could happen, however, that for specific frequencies, w ~ C'/e for some constant C'. In this
setting, we would have to consider the effect of resonance at the scale of the unit problem,
where the unit problem becomes an eigenvalue problem

—div(uVe) + (pw? — \)¢ = 0. (4.16)

See the lecture notes [10] for further details. Indeed, there is current research [13] in this
area with respect to cancer treatments, where shear waves are tuned to resonate with and
burst apart malignant cells. We do not pursue this case further here.
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Figure 4.3 Numerical domain for the unit-problems. We discretize the unit-problem
containing a tumour cell as a circular inclusion [left] using triangular finite elements [right].

4.2 Numerical results. We next examine two specific cases where we numerically
solve unit-problems to up-scale the elastomeric effects of dispersed cells. In the first case,
we solve
(—div(pVw;) = div(ue;), z€,

+
[Mﬁu] =0, r €A,
on|_ (4.17)
[u]© =0, x €A,

w; are Y-periodic.

This unit-problem represents the case where the malignant cell is well-adhered to the sur-

rounding tissue. We are aware that this case represents the opposite of our understanding

of the biology, and we provide it for comparison with the following, more realistic model.
The second case we consider is

—div(pVw;) = div(pe;), e,
Ma—“ =0, r e AT, (4.18)
on

w; are Y-periodic.

This represents a tumour cell completely unadhered to its surroundings. Although an ex-
treme representation, it is straightforward to implement, and will suggest the effect bound-
ary conditions present at the micro-scale can have on the up-scaled shear modulus.

In both cases, we choose yt = pp = 1 in the healthy tissue, and 4 = p; = 3 in the
malignant cell. A ratio of ug : p1 = 1: 3 is consistent with laboratory measurements of the
shear modulus of healthy and cancerous tissue. Figure 4.3 shows the unit cell, discretized
using triangular finite elements. We use Jonathan Shewchuk’s Triangle program [11] to
produce the triangulation.
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Figure 4.4 Well-adhered [left] and poorly-adhered [right] model unit-problems con-
trasted. Note that no information reaches the interior of the model cell in the case where
the cell is poorly-adhered to its surroundings. Only the solutions to the z-direction unit-
problem are shown: the y-direction solutions are simply these solutions rotated 90-degrees.

Table 4.1 Results of two contrasting unit problems. The shear modulus of the well-
adhered cell is nearly double that of the case where the model cell is poorly-adhered to its
surroundings.

Well-adhered problem (4.17) | pu* =1.22
Poorly-adhered problem (4.18) | p* = 0.672

Figure 4.4 contrasts the unit-problems for the well-adhered and poorly-adhered cases.
(We show only the x-direction problems in each case. The y-direction problems are identical,
only rotated 90-degrees.) The difference in the two problems is striking, showing the lack
of flow of any information to the interior of the model cell in the case where the cell is
poorly-adhered. This surely has an effect on the up-scaled shear modulus, as we see in the
final results.

Table 4.1 summarizes our results, computing the integrals in (4.15) from the solutions
in Figure 4.4. As anticipated by our choice of circular inclusion in the unit-problem, the
up-scaled shear modulus is isotropic and we report only the diagonal values of (4.15). In
summary, the case where the cell is poorly-adhered has a shear modulus half that of the well-
adhered case. This indicates that the adherence of the malignant cells to the surrounding
healthy cells can distinguish them from other cells, despite the small-scale dispersion of the
malignant cells.

4.3 Further work. Following the homogenization framework, we propose several ex-
tensions to this up-scaling. The two most important modifications to the above model are
to the boundary conditions at the malignant-normal cell interface, A, above, and to the
choice of the shape of A.

Boundary conditions: We propose modeling the interface between normal and malig-
nant cells according to the schematic of Figure 4.5. The schematic shows the cross-linking
structures present between all cells, but in fewer number and stiffness between malignant
cells and their surroundings. This reduced number of cross-links is precisely what reduces
the adhesion between infected and normal cells, and affects a spring constant relating the
normal stresses to the displacements of the cells, just as for one-dimensional Hooke’s springs.
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Figure 4.5 Model of the interface between normal and malignant cells. The density
and strength of the cross-links, represented as wiggly lines, determines an effective spring
constant relating normal stresses on each surface. Not shown is the visco-elastic effect of
the fluid between the surfaces.

Furthermore, not shown in the schematic, the thin layer of pseudo-fluid between in-
fected and normal cells gives a visco-elastic relationship between the two surfaces, such that
the tangential stresses on the two surfaces are related to the relative strain rate of the sur-
faces. Combining the normal, n, and tangential 7, stress effects, we suggest the boundary
conditions

[ugj;r — o, (4.19)

[Mgﬂf = —iwfB[u]t. (4.20)

Note the imaginary number i = v/—1 in the tangential condition, corresponding to a time-
derivative for representing the strain rate.

The separation distance between cells, € in Figure 4.5, is assumed sufficiently small
that the constants «, 3 effectively summarize the adhesive properties of the malignant cell.
Although the adhesion constants depend on properties of the normal-malignant interface
we change the strain rate experimentally by tuning the driving frequency w. Such tuning
may allow us to take advantage of the particular adhesion coefficients in order to better
detect malignant cells in the up-scaled shear stress.

Owing to the additional data structure required to represent this solution (two values for
u are required on each mesh vertex on A) implementing this condition, and understanding
its contribution to the up-scaled constitutive law, will have to remain future work for the
time being.

Random cell orientation: Although the choice of a spherical malignant cell is realistic
insofar as it predicts no anisotropy in the up-scaled constitutive law, malignant cells are
more likely to be football-shaped, such as that depicted in Figure 4.6, with orientation or



16 Constitutive Models for Tumour Classification

Figure 4.6 A more realistic malignant cell model shape. To avoid anisotropy in the up-
scaled constitutive law, the orientation or other features of the cell geometry will have to
be chosen in a random manner.

other features of the cell geometry being random. Such stochastic homogenization, where
the aim is to compute the statistics of the constitutive law from the statistics of, in our
case, the cell geometry, has been studied, and appears, for example, in lecture notes [10].
However, this is beyond the scope of our present investigation, and further study is required
to see the effects of up-scaling a randomized unit problem.

5 Conclusion

The aim of this paper was to formulate new mathematical models that will be able
to differentiate not only between normal and abnormal tissues, but, more importantly,
between benign and malignant tumours. We pursued the following three approaches: (i)
the simulation of the time-harmonic linear elastic models to examine coarse scale effects
and adhesion properties, (ii) the investigation of a tri-phasic model, with the intent of
upscaling this model to determine effects of electro-mechanical coupling between cells, and
(iii) the upscaling of a simple cell model as a framework for studying interface conditions
at malignant cells. Each of these approaches has opened exciting new directions of research
that we plan to study in the future.
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Abstract. This report investigates a new possible molecular mechanism for the
pathogenesis of hydrocephalus. New research by Dr. Miles Johnston [4] has found
that the injection of anti 3; integrin antibodies into the ventricle of rats causes a
drop in parenchymal pressure and causes the cerebral ventricles to enlarge which is
characteristic of hydrocephalus. We investigate intramantle pressure gradients as
a possible force to enlarge the ventricles and we propose a new poroelastic model
incorporating the effect of the antibodies to determine if they are a possible mech-
anism for hydrocephalus.

1 Introduction

Hydrocephalus is a condition of the brain characterized by an accumulation of cere-
brospinal fluid (CSF) in the brain and the resulting expansion of the cerebral ventricles and
compression of the brain parenchyma. The four ventricles of the brain (two lateral, one
third and one fourth ventricle) are located in the centre of the brain tissue and CSF flows
from the lateral ventricles through the aqueducts to the third and fourth ventricles into the
subarachnoid space. CSF also flows through the brain tissue into the subarachnoid space
where it circulates with the spinal CSF and is absorbed by the arachnoid villi.

There are two classes of hydrocephalus: the first class, non-communicating hydro-
cephalus, occurs when there is an obstruction to the normal flow and circulation of CSF
causing it to accumulate in the ventricles. Due to the obstruction (such as a tumour) a large
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20 A Mechanism for Ventricular Expansion in Hydrocephalus

pressure gradient exists between the ventricles and the subarachnoid space surrounding the
brain parenchyma. This large pressure gradient is the cause of the ventricular expansion
that occurs in this class of hydrocephalus.

Communicating hydrocephalus, the second class of hydrocephalus, occurs when there
is no impediment to the normal flow of CSF from the ventricles, but when there is an
imbalance between the production and absorption of CSF. Large pressure gradients cannot
exists across the parenchyma in this class and so there is no obvious mechanism to explain
the ventricular enlargement that occurs. This lack of a physical mechanism for ventricular
expansion in communicating hydrocephalus was the focus of our study group.

1.1 Previous investigations. Linninger et al. [3] placed pressure sensors (transduc-
ers) in the ventricular CSF, the brain parenchyma, and the CSF of the subarachnoid space
and showed that no significant difference was visible between the measured pressures before
and after inducing kaolin hydrocephalus in dogs. However, it is possible that small, and
perhaps transient, pressure differences do exist between the ventricular CSF and the brain
parenchyma or subarachnoid space which were below the sensitivity of the transducers and
which could provide a possible mechanism for ventricular enlargement.

In 2002, Pena et al. [5] numerically simulated hydrocephalus using a finite element
method to solve Biot’s equations of consolidation [1], now known as poroelasticity theory.
They showed that a drop in parenchymal pressure coupled with a reduced elastic modulus
produced the ventricular enlargement characteristic of hydrocephalus. In order to maintain
a low pressure region inside the parenchyma, they assumed that CSF was absorbed by
the parenchyma, which was represented mathematically by inserting sink terms into Biot’s
equations. No physical explanation of the reduced elasticity or of the absorption process
was given.

Recent experiments by Wiig et al. [8] showed that the dissociation of «;(; integrins in
the skin results in a significant reduction in the local interstitial fluid pressure. Nagra et
al. [4] showed that this reduction in local pressure also occurs in brain parenchyma which
suggests that (1 integrin dissociation may provide a possible mechanism for the pathogenesis
of hydrocephalus.

In Johnston’s experiments [4], either antibodies to (; integrins or IgG/IgM isotype
controls were injected into the lateral ventricle of adult rats. The ventricular or parenchy-
mal pressures (measured 500-600 pm from the anterior horn of the lateral ventricle) were
recorded with a servo-null micropipette (2 pum tip) before and after the antibodies or con-
trols were injected in one group of rats. These measurements showed that following the
injection of antibodies, the parenchymal pressure decreased relative to the pre-injection
value. This drop in parenchymal pressure was not observed when controls were injected.

The remaining rats were sacrificed two weeks post injection and the brains were fixed
with 10% formalin before coronal sections were obtained. The rats that received controls
presented no ventricular enlargement but the rats that received anti (; integrin antibodies
presented considerable ventricular enlargement.

Dr. Miles Johnston presented these results to the OCCAM-Fields-Mitacs workshop and
proposed the following questions to our study group.

Question 1: Can one predict a ventricle size given a defined pressure gradient between
the ventricles and the periventricular area?

Question 2: What is the smallest pressure gradient that would expand the ventricles?
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These questions are difficult to answer accurately due to the dependence of tissue defor-
mation on the material properties of brain parenchyma, which are difficult to determine
experimentally and which vary in the reported literature. The second question is also diffi-
cult to answer since it is not quantitative in nature. Any applied pressure gradient would
expand the ventricles by some amount, however small that expansion may be.

This study addresses two objectives that aim to answer or extend the concepts of interest
to Dr. Johnston.

Objective I: To determine the percentage of ventricular volume increase that occurs
due to an intramantle pressure gradient of 400 — 500 Pa and investigate the depen-
dence of this increase on the pressure distribution through the brain parenchyma.

Objective II: To formulate a model to investigate the hypothesized macroscopic me-
chanical effects of anti 31 integrin antibodies on brain parenchyma to determine if
they are sufficient to induce hydrocephalus.

2 Intramantle Pressure Gradients - Objective I

To predict the ventricular volume increase given a prescribed pressure difference between
the ventricles and the periventricular area (intramantle gradient), by defining a pressure dis-
tribution across the parenchyma, we use previous studies to define governing equations for
our specific problem. In previous models of hydrocephalus [7, 2, 6] differential equations
are used to describe the radial displacements of brain parenchyma in a simplified geometry,
shown in Figure 1. In all three models, the brain is assumed to have a spherical or cylin-
drical geometry, and displacement and pressure distributions are assumed to be radially
symmetric, allowing the differential equation to be solved in one-dimension.

These models are based on Biot’s theory of consolidation [1] which describes the be-
haviour of porous elastic media under loads. The main limitation of Biot’s theory is that
it is based on linear elasticity, which is only applicable for small strains. To account for
large strains, nonlinear elasticity should be used, however this is mathematically much more
complicated.

The poroelastic model developed by Levine [2] is implemented to address the first ob-
jective in this study. MAPLE and MATLAB are used to solve the equations derived by
Levine [2] describing parenchymal displacement in the spherical brain given a defined pres-
sure distribution. The steady pressure profile was also determined according to Levine’s
theory [2].

2.1 Equations for displacement. Levine’s equation for radial displacement is ob-
tained from the quasi-static version of Biot’s equations [1] assuming the displacement func-
tion u and pressure distribution P are radially symmetric. If we write u(r) for the radial
displacement at radius r, the following equation (given by Levine [2]) relates radial dis-
placement and pressure:

P 2002 (200 0p
orz " ror 1?2 2G(1—v)or’

where G is the shear modulus and v is the Poisson’s ratio of the saturated poroelastic solid.
The parameter «, according to Biot [1], represents the ratio of the volume of fluid squeezed
out to the volume change of the parenchyma if the parenchyma is compressed while allowing
fluid to escape. In the following, the brain tissue is assumed to be incompressible. If the

(2.1)
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Subarachnoid Space

Parenchyma Ventricle

Figure 1: Schematic of the spherical brain. The brain is assumed to be a sphere, with a concentric spherical
void in the middle representing the ventricles. CSF may either flow through the parenchyma or out through
a channel representing the foramena and aqueduct. For our purposes, we consider the channel to be small
enough that it does not affect the displacements near it. This allows for radially symmetric functions and
reduces the number of dimensions in the problem.

parenchyma is compressed, the volume loss must be solely due to fluid loss or pore shrinkage.
Thus, in the following, we assume that o = 1.

Boundary conditions at the inner and outer boundaries of the brain are defined for (2.1).
At the inner boundary, located at r = r;, equivalent normal forces must act on the fluid
phase and the solid phase. Assuming zero rate of strain within the ventricle this translates,

in the radial formulation of Levine?, as:

ou 2Gv [ Ou u

At the outer boundary, » = r,, there are two possible boundary conditions. One option
is to impose the same condition on the forces at the outer boundary as at the inner boundary.
This gives the boundary condition:

ou 2Gv [ 0u u
(Oé — 1)P(7"O) = |:2G8r + E <8/r + 27”):|TT‘O . (23)

This condition describes hydrocephalus in infants where the unfused skull may deform to
accommodate the enlarged brain.
Levine imposes the following condition describing adult hydrocephalus:

u(rg) =0, (2.4)

2Tt is our opinion that Levine has a mistake at this stage. On the left hand side of the Equation (2.2)
Levine would have —P(r;) according to equation (14) of [2], but this disagrees with both Equation (12) from
[7] and Equation (4.3) from [6]. Levine seems to neglect the —aP term in the first of the equations (12) in
[2]. Equation (2.2) is what we believe to be correct.
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which enforces zero displacement at the outer boundary due to the rigid skull preventing
radial expansion of the outer surface of the brain. This boundary condition, however,
excludes contraction of the outer surface of the brain which means the brain behaves like
it is welded to a perfectly rigid skull at the outer boundary.

If the model always predicts positive radial displacement then this is not a problem,
since the boundary condition prevents expansion. However, in some cases the pressure
distributions cause negative radial displacement near the outer boundary, indicating that
the imposed boundary condition is preventing contraction of the outer surface of the brain.

The appropriate course may be to solve for the displacement using the boundary con-
dition (2.3) and then, if u(r,) > 0, apply a corrective radial traction at the outer boundary
such that u(r,) = 0. The magnitude of the corrective traction will correspond to the force
exerted on the brain by the skull. The end result should be equal to that obtained by
replacing (2.3) with (2.4).

2.2 Equations for pressure. The models in [7, 2, 6] all include a differential equation
describing the pressure distribution in the brain. They are based on the static or quasi-
static assumption that the volume fraction of the brain occupied by CSF at each point does
not vary in time, and that the flow of fluid in the brain obeys Darcy’s law. Levine [2] writes
these equations as:

oP

/
() = — k2L 2.
Vi = K2 (25)
Vay = kP, (2.6)
ac (9P 20P\ .
k. R — 42 ) kP 2.
ot k<6r2+7“87"> (2.7)

Here, V,.(r) is the radial flow of CSF, which corresponds to ¢uv(r), where ¢ is the volume
fraction of CSF at a given point and v(r) is the radial velocity of the fluid at the same point.
Equation (2.5) is Darcy’s law where £’ is the hydraulic permeability of the parenchyma.
Equation (2.6) is Starling’s law which relates the volume of CSF absorbed per unit volume
of the parenchyma per unit time (Vy;) to the pressure difference across the capillary wall.
Here k is the absorbtion coefficient. This equation assumes that blood pressure and net
colloid osmotic pressures sum to zero, leaving P as the driving force behind the transfer of
fluid from the interstitium into the capillaries. Equation (2.7) gives an expression for the
increment of fluid content, ¢ = ((r,t), in the parenchyma (¢ = ¢ — ¢y, if ¢ is the initial
volume fraction of fluid in the parenchyma). The two factors affecting the volume fraction
of fluid are the absorbtion of fluid by capillaries and the divergence of the fluid flow.

0
In the quasi-static case, where 8—§ = 0, we have

#p 2k,
dr2 " rdr K

The boundary conditions specified by Levine [2] are:
P(r;) = P, and P(r,) =0,

where P, is the ventricular pressure. However, in communicating hydrocephalus the ven-
tricular space and the subarachnoid space are connected via the cerebral aqueduct, so the
boundary conditions should be closer to

P(ri) = P(r,) = P. (2.9)

0. (2.8)



24 A Mechanism for Ventricular Expansion in Hydrocephalus

2.3 Radial displacement and ventricular expansion. It is probable that the ab-
sorbtion and permeability coefficients vary spatially and thus by choosing k and k' appro-
priately, one may obtain a pressure profile of any desired shape. For now, these coefficients
are assumed to be constant and their ratio is defined as k = &'/ k. Equation (2.8) is solved
subject to (2.9) to obtain pressure profiles for various values of the ratio k.

Figure 2 illustrates the dependence of this pressure distribution on the ratio k as well
as the dependence of the parenchymal displacement (determined by (2.1) with boundary
conditions (2.2) and (2.4)) on the pressure profile. When absorption is equal to permeability
(k = 1), pressure drops only slightly mid-parenchyma which causes the negligible deforma-
tion seen in Figure 2b. When absorption dominates permeability (k < 1), significant drops
in pressure occur mid-parenchyma and small negative displacements result near the outer
surface of the brain.
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Figure 2: (a) Pressure profiles obtained by solving (2.8) with (2.9) for various values of k, and (b) the
corresponding displacements obtained by solving (2.1) with boundary conditions (2.2) and (2.4). The red
dotted curves are for K = 1 and the blue solid and green dashed curves are for k < 1 (G = 8 kPa and
v =0.35).

If a small pressure gradient from the ventricles to the subarachnoid space was applied as
well as the given pressure distribution through the parenchyma, the negative displacements
near the outer boundary may be changed to positive displacements. A small pressure
gradient, less than 1 mmHg, would be below the sensitivity of the transducers used by
Linninger et al. [3], and thus would not have been observed in their measurements.

To investigate the dependence of displacement on the shape of the pressure distribution
through the parenchyma, two types of pressure profiles were constructed, inverted spike
profiles and trough profiles. The constructed pressure profiles and their corresponding
displacements according to (2.1) with (2.2) and (2.4) are shown in Figure 3. The pressure
spikes cause the majority of the parenchyma to move inward while the ventricle walls move
outward creating compression in the middle of the parenchyma. The trough profiles cause
the majority of the parenchyma to move outward while a region near the outer boundary
moves inward, again creating compression of the parenchyma.
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Figure 3: Hypothetical spike (a) and trough (c) pressure profiles and the corresponding displacements, (b)
and (d) respectively, obtained from (2.1) with (2.2) and (2.4) (G = 8 kPa and v = 0.35).

Assuming a spherical ventricle, the percentage change in volume due to the trough
pressure profiles from Figure 3¢ are given by the formula:

3_,3
Percentage Change = 1OOAV =100 (rtdr)”—r .
1% r3
Thus, at the ventricle wall, the percentage increase in volume due to a drop of 400 Pa is
3.2% and the percentage increase in volume due to a drop of 800 Pa is 6.7%, approximately
double the increase caused by a 400 Pa drop. These percentages, however, depend on the
values of G (8 kPa) and v (0.35) used in the computation of displacement.
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2.4 Discussion. The ventricular enlargements predicted by this model are small com-
pared to the expansion seen in Johnston’s animal experiments [4]. There are two possi-
ble explanations for this discrepancy. First, the material parameters of the animal brain
parenchyma were not known and so rough estimates of the values were used. And second,
the expansion seen in the animal experiments occurred over a time scale of two weeks. The
displacements predicted by this model are equilibrium solutions, but the time scale on which
this occurs is not known and may in fact be quite small depending on the material prop-
erties of the parenchyma. Thus, it is possible that large displacements may occur if these
pressure distributions reoccur transiently and in response to each transient the parenchyma
actively restructures its extracellular environment.

3 The Physical Mechanism - Objective 11

To investigate the potential role of anti 7 integrin antibodies in reducing the interstitial
fluid pressure observed in the parenchyma, we hypothesize that the dissociation of the (;
integrins creates a drop in local parenchymal pressure by changing the mechanical properties
of the tissue, such as the elasticity, permeability, and absorption coefficients.

More specifically, the antibodies bind to the 31 integrins that protrude from cell mem-
branes. Tissue cells are attached to the extracellular matrix (ECM) via integrins, and this
forms the tight and rigid matrix structure of the tissue. When the integrins are blocked by
the antibodies, the ability of cells to adhere to the ECM is reduced, increasing cell motility
and decreasing the rigidity of the tissue structure, see Figure 4. We hypothesize that when
cell adhesion decreases, the matrix relaxes slightly which creates a local drop in pressure
and reduces the elasticity of the tissue.

Figure 4: Schematic of the effect of antibodies on the extracellular matrix as cells lose their ability to bind
to the matrix.

3.1 Deriving the model. To test this hypothesis, we develop a model on a macro-
scopic scale that considers the concentration of antibodies in the parenchyma and their
overall effect on the tissue mechanics. To account for the flow of CSF (and thus antibodies)
through the tissue the theory of linear poroelasticity based on Biot’s theory of consolida-
tion [1] is applied to the problem. In the model, material parameters that are assumed to be
affected by the 31 integrin antibodies, such as elasticity and permeability, have spatial and
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temporal dependence determined by the antibody concentration history. The concentration
of antibodies is governed by a convection-diffusion equation.

Let 2 C R? be the domain of the parenchyma, then on € conservation of momentum
at steady-state, neglecting the inertia terms, gives,

V.1=0. (3.1)
Here, 7 is the total stress tensor and is defined by
Tij = 0ij — POij, (3.2)

where o is the effective stress tensor and p is the hydrostatic pressure. The effective stress

is defined by
Oij = )\ekkéij + 2Geij, (3.3)

where A = A\(x,t) and G = G(x,t) are the Lamé parameters of elasticity which depend on
space and time due to the antibody concentration history through the parenchyma. The
strain is assumed linear:

ey = 5 (Vi + VL"), (3.4)

with @ the displacement of the material and (-)T the transpose operator.
Combining (3.1)-(3.4) gives the following equation of motion:

0=-Vp+(\+G)V(V-i)+ GV

, (3.5)
H(V - D)V + (Vi + Vi) - VG.

The first line in (3.5) is the standard equation of motion in linear poroelasticity and the
second line arises due to the spatial variability of A and G.

Darcy’s law relates the velocity of the fluid through the porous material to the gradient
of the pressure:

oW = —K'Vp. (3.6)

Here, ¢ is the porosity (or the fluid volume fraction which is equivalent in a saturated

media), W is the filtration of the fluid (defined to be the velocity of the fluid relative to the
solid phase), and k' = k'(x, t) is the hydraulic permeability.

Remark 3.1 In order for CSF pressure to be equal in the ventricle and the subarachnoid
space and to be lower inside the parenchyma, an absorption process must occur in the
parenchyma to remove the fluid. Omne possible explanation is that the anti (; integrin
antibodies degrade the blood brain barrier so that CSF is readily absorbed by the capillaries.
This theory, however, is not complete since it only considers hydrostatic pressure gradients
as the driving force for CSF into the capillaries.

A more complete explanation for parenchymal absorption is that the antibodies alter
the osmotic pressure gradient that exists across capillary walls. By altering the osmotic
gradient, CSF can be absorbed into the capillaries even when hydrostatic pressure gradients
appear to be inconsistent with such absorption.

Applying conservation of mass to the fluid and solid phases gives

b+ V- (607 +@)) = -Q(x,t) and (1= )i+ V- ((1- @)i) =0,



28 A Mechanism for Ventricular Expansion in Hydrocephalus

where Q(x,t) represents absorption of CSF by the capillaries (due to osmotic pressure
gradients) and depends on space and time due to the antibody concentration. Adding these
two equations gives

V(oW + @) = —Q(x,t)
Taking the divergence of Darcy’s Law (3.6) and substituting into the above equation gives
a second equation relating pressure to displacement:

VE -Vp+KAp =V -+ Q(x,t). (3.7)

Finally, the concentration of antibodies in the parenchyma is governed by the convection-
diffusion equation:
¢+ V- (c(W+1)) = DAc — ac, (3.8)
where D is the diffusion constant and « is an absorption constant. The initial condition
¢(0) = 0 is prescribed meaning that for all Z the antibody concentration is zero at ¢t = 0.

The remaining model parameters satisfy the following evolution equations and initial
conditions:

2
o

/
ky =vc

|
3|
—
@
=)

)\t = —")/H()\ — )\cm)c
Gy = —pH(G - Gc’rit)c
Qt = pH(Qerit — Q)c
b ==V 60V +1@)) - Q(x. 1) $(0) = oo (3.13

where v, 7, pu, and p are positive constants, k is the initial permeability of the parenchyma,
7 is the viscosity of the CSF, H(-) is the Heaviside function, the subscript crit denotes the
critical value (maximum or minimum), and the subscript 0 denotes the initial value.

We assume the same spherical geometry as Figure 1, and thus prescribe boundary
conditions at the ventricle boundary, r = r;, and the subarachnoid space boundary, r = r,.
The pressure in the parenchyma should equal the pressure in the ventricle, p;, at » = r; and
it should equal the pressure in the subarachnoid space, p,, at r = r,, or:
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p(ri) = pi and p(r0) = Po-

Note that for communicating hydrocephalus, p; should approximately equal p,.
The boundary condition for displacement arises due to the continuity of stress at each
boundary. That is, the effective stress at each boundary is zero:

oiinj =0 atr=r; and at r = r,.

Note that this case represents infant hydrocephalus where the cerebral plates have yet to
fuse and so the skull may enlarge. For adult hydrocephalus, where the skull is rigid, the
outer boundary condition should be changed to u(r,) = 0.

Finally, the boundary conditions for the concentration of antibodies are:

(1) = coe % and c(ro) = 0.

The inner condition represents an exponentially decaying source of antibodies in the ven-
tricle which approximates the bolus injection draining through the aqueduct. The outer
condition represents absorption of the antibodies through the normal CSF absorption mech-
anisms (arachnoid villi or lymphatic drainage).
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3.2 Sensitivity to permeability and absorption. Equations (3.5) and (3.7) are
coupled equations for displacement and pressure. By assuming a quasi-static state, u; = 0,
the equations are decoupled giving a single equation determining the pressure:

VE -Vp+ K Ap = Q(x,t). (3.14)

The quasi-static state assumes the pressure distribution changes and the solid deforms in
response to the pressure change. In reality, the deformation of the solid affects the pressure,
but this simplifying assumption is made here to decouple the problem.

An indication of the modelling attempt is obtained by solving (3.14) with prescribed
hydraulic permeability and absorption as either constants or linear functions of r. The
linear functions used are k' = 0.05(1 — r) and @ = 800(1 — r) and the constants used are
k' =0.05(1 — 0.2) and @ = 800(1 — 0.2) for 0.2 < r < 0.8. These functions and values are
not physical and were chosen for simplicity. Figure 5 shows these results.

Pressure Distribution Across Parenchyma Pressure Distribution Across Parenchyma
Constant Absorption Variable Absorption

500 500

400 4004 L/

300 300

[Pa] [Pa]
200+ 200+
100 100
0 T T T T T 1 O T T T T T 1
03 04 05 06 07 08 03 04 05 06 07 08
radius radius

Variable Permeability== = Constant Permeabilityl | Variable Permeability== = Constant Permeabilityl

(a) (b)

Figure 5: Pressure distributions through the parenchyma assuming constant permeability or variable
permeability for either constant absorption (a) or variable absorption (b).

As shown in the simulated pressures in Figure 5, variable permeability slightly lowers
the minimum of the pressure curve and absorption strongly affects the shape of the pressure
profile. This results from (3.14), since the only solution with Q(x,t) = 0 is p = p; = po.
Thus, absorption in the parenchyma significantly affects the pressure distribution through-
out the brain tissue but permeability does not, so hydraulic permeability, &¥'(x,t), may be
assumed constant to further simplify the model.

4 Conclusions and Future Work

In working to complete the two objectives outlined in this report, we have identified
the pressure distribution throughout the parenchyma and the material parameters of brain
tissue as important factors. Future work addressing Objective I would investigate incor-
porating the compressibility of brain tissue (o < 1) into the model and would perform
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a sensitivity analysis on how the percentage volume change of the ventricles varies with
respect to the model parameters (G and v in the linear elasticity case as well as k¥’ and 12:)

Objective II presents a new model capable of simulating the effect of the antibodies on
brain tissue. Future work would include solving the model presented in Section 3.1 and
comparing the displacement results to those discussed in Objective I which were obtained
from Levine’s model [2]. A first approach would be to use the quasi-static state assumption
to decouple the model equations for pressure and displacement and to assume constant
permeability. A finite element scheme may be necessary to solve the fully coupled model.
The large number of model parameters that must be determined from experimental data
and the fact that the model is based on linear elasticity are the main limitations of the
proposed model.

This preliminary investigation seems to indicate that our assumed mechanical alter-
ations resulting from the injection of anti §; integrin antibodies provides the necessary
environmental changes in the parenchyma for the pathogenesis of hydrocephalus. A drop
in interparenchymal pressure combined with the required increase in CSF absorption by
the parenchyma creates the necessary conditions for ventricular enlargement. Add to this,
the possibility that antibodies may decrease the elasticity of brain tissue and even more
favourable conditions for hydrocephalus are created.
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1 Introduction

Mechanical forces are known to regulate the function of tissues in the body, including
bone. Bone adapts to its mechanical environment by altering its shape and increasing its size
in response to increases in mechanical load associated with exercise, and by decreasing its
size in response to decreases in mechanical load associated with microgravity or prolonged
bed rest [8]. Changes in bone size and shape are produced by a cooperative action of two
main types of the bone cells - osteoclasts that destroy bone and osteoblasts that build
bone [7]. These cell types come from different developmental origins, and vary greatly
in their characteristics, such as size, shape, and expression of receptor subtypes, which
potentially may affect their responses to mechanical stimuli [4]. The objective of this study
is to compare the responses of osteoclasts and osteoblasts to mechanical stimulation.

2 Experimental Setup

Bone marrow cells were isolated and plated on a glass-bottom culture dish. The cultures
were treated for 4-8 days with ascorbic acid to induce osteoblast differentiation and with
RANKL to induce osteoclast differentiation. On the days of the experiments, each dish was
first loaded with calcium-sensitive dye fura-2, then the dye was washed out and the dish
was placed on the microscope stage. A single cell in the field was identified as an osteoblast
or osteoclast based on its morphological features - osteoblasts are small spindle-shaped
mononucleated cells and osteoclasts are large cells of 30-60 pm in diameter that contain more
than 2 nuclei. Changes in emission at 510 nm following alternating illumination at 340 and
380 nm were recorded, from which cytosolic free calcium concentrations [Ca?t]; were later
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32 Mediators of mechanotransduction between bone cells

calculated based on a calibration. For each experiment, after 10 s of basal recording, a single
osteoclast or osteoblast (primary cell) was gently touched by a micropipette (mechanical
stimulation) and changes in [Ca®T]; in the primary cell as well as other cells in the field
(secondary cells) were recorded over 80-120 s. In response to the mechanical stimulation, the
primary cell exhibited an increase in [Ca?"]; that was fast at the onset and then declined
relatively slowly. In the neighbouring cells, delayed elevations in [Ca®"]; were observed
consistent with a release of a mediator(s) from a primary cell. To examine if the nature
of a mediator can be identified from these experiments, 3 independent recordings with
an osteoblast as the primary cell and 5 independent recordings with an osteoclast as the
primary cell were analyzed.

3 Analysis and Modelling

3.1 Data analysis of osteoblast and osteoclast recordings. For each experiment,
the following information was available:

1. The geographic location of different cells.
2. The temporal dependence of [Ca“]i in the primary and secondary responders.

From these data we have assessed the following parameters:

1. The distance R between the centroids of the primary (stimulated) and each of the
secondary cells.

2. The time t between the onset of [Ca*"]; elevation in the primary cell and in each of
the secondary responders.

3. The apparent diffusion coefficient (R?/t) for each secondary responder.

The maximum amplitudes of [C32+],~ in the primary and secondary responses.

5. The frequency and power of the oscillatory component present in the secondary
responders.

-

Analysis of covariance (ANCOVA) was performed to assess the significance of the dis-
tance and the experimental factors on the apparent diffusion coefficient. In the model,
the distance factor was the co-variate on the experimental factor, and an interaction term
was included to determine if any effect of distance was dependent on the experiment. We
log transformed the apparent diffusion coefficient measurement for each cell response to
homogenize the group variance and normalize the scatter around the line of best fit. The
null hypothesis was that the apparent diffusion coefficient will not be different between
experiments and will be consistent for all cell responses for all distances from the source.
To test for significance of the departure from the null hypothesis, an F-test with an F-
distribution was used to compare statistical models. The probability value P of less than
0.05 was deemed significant [2]. We have found that if the primary cell was an osteoblast,
then the three different experiments demonstrated similarity in the apparent diffusion coef-
ficient (R?/t; ANCOVA, Fy 44 = 0.25, P = 0.78). In contrast, the experiments in which an
osteoclast was the primary cell demonstrated significant difference in R?/t between different
experiments (Fj 20 = 4.25, P = 0.011), while R?/t remains consistent within experiments
(Figure 1A; ANCOVA Interaction term, Fy o = 1.22, P = 0.33).

We further investigated the dependence of R?/t on distance from a primary cell, and
found that in osteoblast experiments, it positively correlated with the distance (Figure 1B;
Fy 44 = 8.68, P = 0.005). This dependence was weaker or non-existent in different experi-
ments in which the primary cell was an osteoclast (ANCOVA Distance factor, F 22 = 0.024,
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P = 0.88). We also investigated multiple peaks in [Ca®"]; present in a high number of sec-
ondary responders. These peaks may result either from internally-driven oscillations or from
a superposition of signals from different sources (suggesting that some of the secondary re-
sponders may in turn release the mediator). Fourier analysis demonstrated that the period
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Osteoblasts Osteoclasts Distance Osteoblasts

High Frequency Power-Distance
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Figure 1 Data analysis of signal propagation initiated by mechanical stimulation. A) An
estimate of the diffusion coefficient for 3 experiments in osteoblasts (left) and 5 experiments
in osteoclasts (right). B) The relationship between the estimated diffusion coefficient and
distance from the primary cell in the 3 osteoblasts experiments. C) The normalized power
of the Fourier transform of the oscillatory secondary responses for frequencies above 1Hz.
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between the peaks was similar in all of the experimental recordings, strongly supporting
the presence of self-sustained oscillations in the secondary responders. In addition, we have
found that the probability of observing an oscillatory component increases with the distance
from the primary cell (Figure 1C).

Together with the increase in apparent diffusion rate, this allowed us to formulate a
hypothesis that a single mediator is released from a primary cell, and subsequently starts to
degrade and thus move faster as it travels further away from the source, resulting in a change
in the apparent diffusion coefficient as well as the pattern of induced responses. Since a
different set of data indicated that ATP is one of the potential mediators of these responses,
we conjectured that ATP is released from a source cell and is degraded to ADP by extra-
cellular nucleotidases. Whereas ATP mainly acts through P2X ligand gated ion channels,
ADP only acts on P2Y G-protein coupled receptors, which accounts for the appearance of
oscillations in secondary cells.

3.2 Model for combining ATP degradation and diffusion dynamics. Model
assumptions are that:

1. ATP is released by a primary cell and can be degraded to ADP, which in turn degrades
to AMP by extracellular nucleotidases.

2. ATP, ADP, and AMP diffuse by radial 2-dimensional diffusion with the diffusion
coefficients inversely proportional to the square roots of their molecular weights,
respectively.

3. ATP is released in a continuous manner over the duration of an experiment.

Then the chemical reactions are modeled by

% = DlAal - ]{310,17 (31)
0
% = DyAas + k1a1 — koao, (32)
0
% = D3Aag + koas — ksag, (3.3)

where a1, ag, ag are concentrations of ATP, ADP, and AMP, respectively; D1, Do, D3 are
diffusion constants for ATP, ADP, and AMP, respectively [3], k; is a rate constant for the
ATP to ADP degradation reaction, ks is a rate constant for the ADP to AMP degradation
reaction, ks is a rate constant for the AMP to adenosine degradation reaction, and A =
0?/0r?. The parameters values were chosen based on the following experimental data:
measured ATP diffusion coefficient, D; = 180 ym? /s, and estimated rate constants for the
ATP to ADP and ADP to AMP reactions given by k1 = 0.5 and ko = 0.4, respectively [5].
Dy and D3 were estimated based on the molecular weights of ATP, ADP, and AMP. We
assumed that initially nucleotides are released in proportion to their concentrations in the
cell, 100:10:1 for ATP:ADP:AMP [1].

When the simulations were performed for the model describing diffusion of nucleotides
only (k1 = ko = ks = 0), we observed that the main propagating species is ATP (Fig-
ure 2A). When we introduced the degradation of ATP to ADP (ky = 0.5, ks = k3 = 0), the
balance between the nucleotides changed as they travelled from the source, resulting in ADP
becoming the main propagating species at longer distances (Figure 2B). Finally, when we

added the degradation of ADP to AMP (k; = 0.5, ko = 0.4, k3 = 0), then AMP became the
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Figure 2 Changes in concentrations of ATP (red), ADP (blue), and AMP (green) at
distances of 20 pm (left column), 70 ym (middle column), and 120 pum (right column)
from the source, obtained from the model (3.1)-(3.3) describing: A) diffusion only (dashed
lines in all figures); B) diffusion of ions and degradation of ATP to ADP; and C) diffusion
of ions and degradation of ATP to ADP and ADP to AMP.
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main propagating species at longer distances (Figure 2C). Thus, the model predicts that in-
troduction of degradation of ATP to ADP is a plausible explanation for the experimentally
observed increase in the value of the apparent diffusion coefficient (Figure 1B).

3.3 Model for osteoclast mediator propagation. To account for the differences
observed in different experiments in which an osteoclast was stimulated, we hypothesized
that since osteoclasts are vastly different in size, it is possible that the amounts of mediators
released in the different experiments are quite different. This would result in significantly
different contributions to the reaction time, i.e., the time needed to accumulate the required
amount of a signalling molecule on the cell membrane, and to the propagation time in some
of the experiments. To assess how large differences in the amount of released mediator may
influence the results, the following model was built. The model assumptions are:

1. Only one mediator (with concentration C' = C(r,t)) is released by a primary cell.

2. The mediator diffuses by 2-dimensional radial diffusion.

3. There is a threshold concentration of a mediator needed to induce a response in a
secondary cell. This threshold is the same for all secondary cells.

4. The mechanical stimulation of different cells results in significantly different amounts
of the mediator being released.

5. The mediator is released in a continuous manner over the duration of an experiment.

The model is simply the diffusion equation in polar coordinates with no angular depen-
dence given by

9°C 10C\ 9C _ Cyé(r)
D(aﬂ*rw) “o ~ D o AW (34)

where D is the diffusion coefficient, §(r)/r is the two-dimensional delta distribution, and
H(t) is the Heaviside function. This has the solution

_ Cy . [T

where Ei is the exponential integral

oo ,—t
Ei(-z) = —/ 67 dt, z>0. (3.6)
With the substitutions # = 1/47D and « = r2/t, this can be rewritten as:
C
— = zEi(oq o7) (3.7)
Co

where a1 and ag correspond to two values of « in each experiment. From each of two
experiments, we then can compute

C'  Ei(ay7r)
~ C?  Ei(agmr)
where C' and C? correspond to the values of C for a; and aw, respectively. The function
B(z) is plotted in Figure 3 for different values of D (180 pm?2/s for ATP, 210 um?/s for
ADP). The model predicts that if the propagating species is ATP, with diffusion coefficient
of 180 wum?/s, then two specific ratios of C'/C? will be predicted and observed at the

same value of D in the experiments. Since ATP can be experimentally measured [6], the
hypothesis can be tested in the future.

Blx) (3-8)
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Figure 3 The function B(x) is plotted for 2 sets of experiments in each of which a1 and
az were measured. If ATP is the main mediator of the response, then the C?/C' ratio
also can be estimated for each experiment and they should intersect the §(x) axis at the
locations corresponding to the known value for the diffusion coefficient of ATP.

4 Conclusions

This study has allowed us to conclude the following;:

U W N

[1] F.L

A mediator is released from a single source cell.

The response to the mediator changes with distance.

The value of the apparent diffusion coefficient increases with distance.

A plausible proposed mechanism is that ATP is released and degrades to ADP.
Future experiments are required to confirm that ATP is the mediator as suggested.
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Abstract. Calcium carbonate crystals occur in a variety of shapes, each morphol-
ogy having differing physicochemical properties. This problem involves the forma-
tion of calcium carbonate crystals in a gas diffusion process. Experiments showed
the formation of clear shapes in the presence of a serum protein. These structures
appear to be formed from calcium carbonate fibers arranged in cones, fiber bundles,
discs, and other shapes. Some characteristics of the crystals, such as the layering
of self similar structures, suggest a process which regulates crystallization. Here
we propose a mechanism for the formation of calcium carbonate fibers and their
assembly in the complex structures. We describe this process in two systems of
partial differential equations. We aim to simulate the growth of these crystals in
order to understand the effect of the concentrations and diffusion of the different
elements and compounds that are present in the reaction, in the global regulator of
the crystallization process.
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1 Introduction

Calcium carbonate, CaCQOg, is one of the three most common biominerals, the other two
being calcium phosphate and silica. When crystallised, CaCOg forms diverse morphologies
with different mechanical, electrical and optical characteristics. This variety of morpholo-
gies makes calcium carbonate useful in industry. When biomineralization occurs, various
proteins are found in mineralized tissues such as bone, teeth and shells. The presence of
these proteins in the biomineralization process is known to effect the characteristics of the
final crystal.

The problem posed is to describe the crystallization of calcium carbonate in a gas
diffusion process. This process, which will be described in detail below, mimics the biomin-
eralization of CaCQOg. It relies on the decomposition of ammonium carbonate to produce
carbon dioxide and ammonia gas in a closed environment. The crystallization is achieved
via the diffusion of carbon dioxide gas into a solution filled with calcium chloride.

It is well known that, in the absence of other agents, calcium carbonate will crystallize
into its most stable form: rhombohedral microcrystals of calcite, see Figure 1 (left). In
the experiments presented to the group, an external compound, a serum protein which we
denote by P, was introduced to the solution of calcium carbonate. It is known that the
serum protein, which is highly phosphorylated, is similar to those found in bone, serum
and milk, and inhibits the formation of large calcium carbonate crystals. The aim of the
experiment is to explore the effect of the serum protein on the crystallization process.

In the presence of serum protein under the conditions of our experiments, aggregate
structures, such as fibres, cones, plate-like floating shapes and fibre bundles, were observed.
These structures were formed as calcium carbonate fibre crystals bound together.

The crystals were found in the following configuration: the aggregate structures were
formed in the aqueous solution, attached to the surface of the liquid. The cone tips and the
binding point of the bundle were also attached to the surface, while the rest of the structure
was suspended in the solution. Calcite was formed attached to the bottom of the vessel.
Nanofibres were found loose at the bottom of the vessel after drying.

Figure 1 The image to the left shows rhombohedral calcite crystals. The presence of
serum protein changes the morphology as illustrated by the image to the right which
shows a beautiful set of crystallized cones.

Some global characteristics were observed. For example, in any one experiment, the
cone-like shapes appear to be similar, in that they had a similar angle at each apex, even
when embedded within each other. The lower boundary of the crystals, i.e. where the
crystal stops growing, appear to be constant along separate aggregate structures. (See
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Carbon dioxide was released to the desiccator, and then dissolved in the solution forming
dissolved carbon dioxide as well as carbonate ions (CO3~) and HzOt. According to the
diffusion equation, under these experimental conditions, it should take around five hours
for these ions to diffuse to the bottom of the vessel. Carbonate ions then react, in the
presence of protein, with the Ca?* ions to form CaCOs in the aqueous solution, according
to the reactions

CaCly, — Ca’t +2CI— (2.4)
Ca?t + CO%~ = CaCo;. 2.5
3

The protein is about 200nm long, it has a molecular weight of about 60 kDa, and it is
highly phosphorylated. It is amphiphilic since its ends are hydrophobic whilst its centre is
slightly hydrophilic. If present at high enough concentration in water, it forms micelles. In
the presence of CaCOg, in order to minimise energy, its ends will be in contact with CaCOg
rather than water, thus we might expect the polymer to interact with crystal surfaces once
the crystals grow to a large enough size.

2.3 Summary of experimental results. Two types of structures were observed after
the crystallization process: nanofibres and aggregated structures (the former appear to be
the building blocks of the latter). Nanofibres were between 1 and 2 pm wide, while the size
of the aggregated structures were hundreds of times larger (up to 0.5 mm).

At low concentrations of the serum protein (between 0.1 mg/ml and 0.5 mg/ml), only
nanofibres were observed. Cones and bundles of fibres were only found at protein concentra-
tions above 1 mg/ml, see Figure 3 (right) and Figure 4 (left and right). At concentrations
lower than 0.1 mg/ml, the fibrous structure was lost — see the left panel of Figure 3.

Figure 3 These pictures show the effect of low concentration of protein. On the left,
the concentration is lower than 0.1 mg/ml (fibrous structure is lost); on the right, the
concentration is 1 mg/ml.

The formation of the nanofibres and the aggregated structures is not simultaneous. It
was observed that there are three phases of calcium ion uptake: 6 hours, 36 hours and 72
hours from the start of the reaction. The first detectable structures appear after around
fifteen hours. Bundles and cones appear later, in the last phase of the experiment. Also,
some calcite was crystallized at the bottom at the earliest stage of the experiment. These
crystals were found attached to the vessel. Some nanofibres precipitated to the bottom,
unattached to the vessel. (See Figure 4, left picture.) This suggest that the nanoparticles
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Figure 4 Individual fibres and an example of the bundling of fibres. The concentration
of protein is 1 mg/ml.

were formed and assembled in the intermediate phase of the experiment. The remaining
fibres fell down after drying.

We visualise cones as hanging vertically downwards from an upper point. The viscosity
of the aqueous solution had a role to play as well. If we take a vertical transversal cut of one
of the conical shapes, the line that defines the exterior of the crystal will not be straight in
general; its concavity depends on the viscosity. Namely, as the viscosity increases, the cones
appear to be more ‘spread out’ and have a larger angle at the tip. The shape of the bundles
follows a similar pattern. However, the changes in viscosity did not alter the general shape
of the aggregated structures, nor their global behaviours. See Figure 5.

Figure 5 Changes in the opening angle of the fibre cones as a function of the viscosity of
the aqueous solution.

The position of the water surface turned out to be important as well. A variation of
the standard experiment was done in a very thin pipette, which was small enough that,
if turned upside down, the water surface is preserved by surface tension, and the solution
does not drop down. Two pipettes with the solution of protein and CaCly, were placed in
the desiccator, one upside down and the other upright. The first did not show growth of
crystals, while the other did. Other variations, such as rocking the containers, resulted in
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the absence of crystals as well. This could simply be due to the fragility of the crystal
structures.

This biomineralization-like process starts out with the diffusion of carbon dioxide into
the protein solution. Since no other material is getting in or out the vessel, the time
scales of the uptakes of the structures described above imply that they depend only on the
concentration of each component. Therefore understanding these concentrations is one of
the keys to understanding the interactions with respect to the crystallization process. This
aggregation process is independent of the way the nanoparticles and the fibres are bound
together.

Based on these observations, many interesting phenomena can be subjected to modeling.
For instance, as observed before, The mechanism responsible for the crystallization must
be responsible for the banding structure and the way clusters are formed, as well as the
assembly of the self-similar structures in layers.

Our objective is to model the formation of calcium carbonate, with and without the
protein. Then, considering the appropriate terms in the system, we simulate the uptakes of
nanoparticles, the fibres and finally the crystal growth.

3 Mathematical modelling

3.1 Proposed mechanism. In this section, we propose a mechanism for the formation
of the crystals. The two systems of PDEs that we present below describe this process. The
key stages in the process are as follows:

1. Carbon dioxide dissolves into solution of water with calcium chloride and serum
protein.

2. Carbonate ions combine with calcium ions to form calcium carbonate (which is in-
soluble).

3. Calcium carbonate, in the absence of a serum protein, forms large crystals, that is,
the growth of crystals is not limited.

4. Calcium carbonate, in the presence of the serum protein, form nanoparticles. Though
we do not model their shape or configuration, it is assumed that their morphology
makes the nanoparticles bind into rather large filaments [9, 10]. This indicates some
sort of growth-limiting effect of the serum protein.

5. When the concentration of nanoparticles reaches a critical level, they aggregate, or
self-assemble, to form fibres. In the experiments, the serum protein was never fully
consumed.

6. The fibres assemble to form sheets, bundles and cones. It is not clear whether this
occurs after fibre-formation or whether the two processes occur simultaneously.

Our system of equations describes the three time stages of the problem, namely the
diffusion of calcium and carbonate ions into the solution, the nucleation and growth of
CaCOg crystals which may occur with interaction with the serum protein and, finally, the
arrangement of the nanoparticles into crystallized superstructures.

3.2 Calcium carbonate formation and nanoparticles. We construct a system of
PDEs that are one-dimensional in space, with the z-coordinate measuring depth from the top
of the vessel; thus z = 0 corresponds to the top of the vessel. Here u and v are respectively
the concentrations of calcium ions and carbonate ions at depth z and time .

The initial conditions are as follows: first, there is no flow of any element or compound
through the bottom of the vessel z = L. In addition, at the top of the vessel, we assume
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Table 1 Summary of parameter values.

| Parameter | Description | Value
L Depth of container 6.75 mm
UuQ Initial concentration of calcium in vessel 50 ppm
Vair Carbon dioxide concentration in air above vessel | 387 ppm
h Constant for dissolution of COy(y) 2 x 107° molm™2s~!
« Stoichiometic constant for crystal-protein ratio | 3
Py Initial concentration of serum protein 1 mgml~!
a Inverse of diameter of nanoparticle X, 1 nm
k1 Reaction rate for Ca+CO3 — CaCOj3 1x107°
ko Reaction rate for aX+P— X, 1x 1072
ks Rate of fibre growth in model system 1 1
/]{\33 Rate of fibre growth in model system 2 2x107°
E4 Rate of sidebranching in model system 2 2x 1074
€ Rate of new fibre nucleation in model system 2 |2 x 1073
D1 Diffusion constant for calcium ions, u 2 cm?s7!
Do Diffusion constant for carbonate ions, v 2 cm?s™!
D, Diffusion constant for microcrystals, X 1 cm?s~!
Ds Diffusion constant for nanoparticles, X, 1 cm?s™!

a Robin condition for the diffusion of COjyy), with no carbon dioxide in the solution at
time ¢ = 0 and a positive atmospheric concentration, v,;,. We will also assume uniform
concentrations of calcium and protein initially in the solution. Hence we have

u(z,0) = uo, uy(0,t) =0, v:(0,t) = h(vair — v(0,1)), (3.1)
v(z,0) =0, uy(L,t) =0, vy(L,t) =0
with the constant of dissolution of COyy given in Table 1.

We apply the law of mass action to the governing chemical equations (2.5), which can
be written chemically as u + v LN’ , to obtain the following system of coupled non-linear
equations

ou 0%u v v

— = D15 — kFiuw — =Dy—

at - o2 T ot 922
where D and Dy are the diffusion coefficients for calcium and carbonate ions respectively,
and k7 is the reaction term for the calcium and carbonate ions to combine and form the
insoluble crystal, X, whose concentration we denote by X (z,t).

Denoting the protein concentration by P(z,t), the boundary and initial conditions for X
and P describe the fact that neither can escape from the top or bottom of the reaction vessel.
Whilst there is no crystal present at ¢ = 0, the protein is present, at some concentration,
Py distributed uniformly, hence we have

X.(0,t) =0, X.(L,t) =0, X(2,0) =0, (3.4)
P.(0,t) =0, P.(L,t) =0, P(2,0) = Py (3.5)

The second set of PDEs describe the formation of CaCO3 when they interact with the serum
protein, which is present at concentration P(z,t). The chemical model we wish to describe

— kjuv, (3.3)
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is aX + P LN X, where X, denotes a nanocrystal of calcium carbonate which is large
enough to have adsorbed at least one protein molecule onto its surface. Hence,
2 2
0P _ PP 0X _ ) X
ot 022 ot 022
where D3 and D4 are the diffusion coefficients, ks is the combined reaction term for the
nucleation and growth of a calcium carbonate crystal and its subsequent combining with
protein. Rather than go to the complexity of modelling clusters of the full range of sizes,
we go straight to an approximation in which many particles are assumed to interact to form
a much larger complicated structure. This can be derived in a more rigorous fashion, as
analysed in other work [3, 5], and has been used successfully in a number of applications
from surfactant flow [1, 2] to other models of nucleation, competition and inhibition [4, 11].
The third part of the model has been approached in two different ways, these are
presented in the next two subsections. The first model’s growth occurs only at the tips,
whilst the second takes into account the possibility that fibres may branch as they grow,
giving rise to triangular surfaces.

- ]CQXQP + kluv, (36)

3.3 Formation of fibre nanocrystals and fibres: system 1. We assume that fibres
are initiated at the top surface and grow vertically downwards, so a fibre of length ¢ ends
at a depth z = ¢. Let X, be the concentration of nanoparticles and Y (z,t) the number of
fibres of length z ending at depth z at time t. We assume that nanoparticles can move by

diffusion, but that fibres are fixed. Nanoparticles are created by the process a X + P L Xp
discussed above, hence X, is determined by an equation similar to (3.6):
2
% = D 5aj§p + ko XP — k3aX,Y, (3.7)
where Dj is the diffusion coefficient of the nanoparticles X,,, ko is as before, and k3 is the
reaction term for the nanoparticles and calcium carbonate fibres. The derivation of an
equation for Y(z,t) is more complex.

The quantity Y(z,¢) can only change if there are fibres that end at z — § (for some
small § < 1). Because fibres grow downwards, we must have Y (z — ) > Y (z). In a
discrete approximation to the system, we let Y (nAz, kAt) be the number of fibres of length
nAz at time kAt. In the next time interval, a particle X, will be added with probability
which depends linearly on the concentration X, hence we denote this probability by p.X,.
Incorporation of tips of length nAz is done at the expense of tips located at (n — 1)Az.
Thus we have

Y (nAz, (k+1)At) =Y (nAz, kAt) — pX,Y (nAz, kAt) + pX,Y (n—1)Az, kEAt).  (3.8)

Taking the limits Az — 0, At — 0 with Az ~ At, and defining k3 = plimay—o(Az/At),
we obtain

Y Y

ot Fs Xy 0z’

Hence fibres grow at the rate k3.X,, with k3 having units of [k3] = length per concentration

per time. For (3.7) we require the units of k3aX,Y to match that of 0.X,/0t. Therefore the

units of the constant ‘a’ must be inverse length. In fact 1/a can be thought to correspond
to the diameter of an X, nanoparticle.

In this system, fibres grow only at the tip, that is, there is no side-branching. In this

formulation, k3 is the reaction term for the nanoparticles and the tips’ aggregated structure.

(3.9)
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3.4 Formation of fibre nanocrystals and fibres: system 2. In this formulation,
as well as fibres growing from the surface downwards with growth only occurring at their
lower ends, we permit the formation of new fibres anywhere in the vessel where there
are sufficient nanoparticles (X,), and we allow growing fibres to sidebranch, so that the
aggregated structures become wider at the bottom than the top.

Let X,(z,t) be as before, but now Y (z,t) is the mass of fibres at depth z; we assume
that two nanoparticles colliding can initiate the growth of a new fibre — which will be a small
effect, hence the rate constant is taken to be e. More important is the extensional growth
of existing fibres, which occurs with a rate constant /~c3 ([kg] length per concentration per
time) and the side-branching which occurs at a rate k4 ([E4] = per concentration per time).
Side-branching causes the crystals to become wider further down the vessel. In accordance
with (3.7) and (3.9) one has in this case

0X, 62X

— = Ds 53 P 4 ko XOP — k3aX,Y — X2 — ki X,Y, (3.10)
oY ~ oY 5 -~

= —ks X v T eX; — ks X,Y, (3.11)

where the first term of the latter equation stands, as before, for the growth of the fibres.
Typically we expect ¢ < ks < ksa. The boundary conditions for (3. 10)—(3.11) are all zero
flux and the initial conditions are also zero, namely

X,..(0,t) =0, X,.(L,t) =0, X,(2,0) =0, (3.12)
Y,(0,t) =0, Y.(L,t) =0, Y(z,0) = 0. (3.13)

3.5 Diffusion constants and other observations. Now we face the problem of
estimating the constants for the various processes. These rates are known for the formation
of calcium carbonate in alkaline environments, but not for environments where the serum
protein is present; in these cases they have to be inferred. Rate constants are extracted
from time dependent concentration profiles determined from experiment. Such profiles are
depicted in Figure 6.

In the case of «, we set a value of 3, instead of 300, since for large a the equations
become too stiff for the numerical method used. However, we can infer the results for large
«. This will be detailed below. We also estimated the rest of the unknown coefficients,
using similar principles.

4 Results

The systems of PDEs were solved using MatLab 7.5. The graphs below show the concen-
tration of each component in the time-space phase plane. The color scale goes from blue to
red, where blue signifies the absence of the component, and red the highest concentration.

4.1 Formation of fibre nanocrystals and fibres: system 1. Here we solve equa-
tions (3.1)—(3.9). First we present the solution of the system in the absence of protein, see
Figure 7. The concentrations of calcium, carbonate ions, and calcium carbonate crystals
conform to experimental observation. That is, nearly uniform production of calcium car-
bonate microcrystals with carbonate diffusing into solution from the position z = 0. We
now compare Figures 7 and 8, the latter having protein in the solution. In both cases,
the concentration of calcium decays through the experiment but is always nearly uniform
through the vessel, the concentration of carbonate starts at zero and increases, initially
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Figure 6 This graph shows the concentration of Ca®" in the solution plotted against time
for the cases with (red) and without (blue) protein. Without protein the concentration
falls very slowly whereas with protein there is a significant decrease at about ¢ = 10. The
green data points are more careful measurements which compensate for the build up of
CaCOs3 on the probes. These values are acquired less frequently (isolated data at ¢t =

10,25, 50).

from the top of the vessel, and always has a significant gradient from top to bottom of the
vessel. The concentration of calcium carbonate has similar behaviour, although with a less
pronounced gradient.

In Figure 8, we see the concentration of nanocrystals, fibres and the consumption of
the protein in accordance with the first system of PDEs, where the initial concentration
of the protein is not zero. In this simulation, the protein is consumed uniformly, but the
nanocrystals at the top of the vessel are used first in the assembly of aggregated structures
(fibres). In this case the assembly of nanocrystals into fibres occurs so rapidly that we
see the formation of fibres from the top of the vessel, and never observe any significant
concentration of nanocrystals, except for midway through the simulation when there is a
small concentration at the bottom of the vessel. They cannot attach to fibres, because at
this point in the simulation there are only fibres at the top of the vessel. Note that fibres
grow monotonically.

Now we test the results of the simulation by varying the concentration of protein, and
find results consistent with the experimental observations described above. At lower protein
concentrations, it will take longer for the crystals (X) to interact with protein forming the
nanoparticles X,,. Hence the formation of fibres would also be delayed; see Figure 9 top. An
additional process in the experiment which has yet to be built into our models is that the
crystals would grow larger before having their growth inhibited by the protein, and hence
there would be fewer, but larger nanoparticles to form the fibres. On the other hand, if the
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Figure 7 Solution of (3.1)—(3.9) without the addition of any protein. In this situation
calcium chloride forms throughout the length 0 < z < L.

concentration of protein is higher, the increase in fibre density occurs sooner, due to the
more rapid formation of the X, nanoparticles; see Figure 9 bottom.

As pointed out above, we have set « to 3, instead of 300, since for large a the equations
become too stiff for the numerical method used. This parameter, determines the size of
the nanoparticle. If its value increases, more calcium carbonate would be needed to form
the aggregated structures. However, the global behaviour of the system would remain
unaffected, and differences in timescales caused by changing o can be compensated for by
simultaneously changing k».

4.2 Formation of fibre nanocrystals and fibres: system 2. Here we solve equa-
tions (3.1)—(3.6) and (3.10)-(3.13). Considering the possibility of branching allows us to
describe other characteristics that we could not see using the first system. For a small
amount of side branching the concentration profiles of the various species are not supris-
ingly quite similar to Figure 8 and are omitted for brevity. When nucleation of new fibres
is significant in the model, we obtain a much clearer front in the formation of fibres as
evidenced in Figure 10.

4.3 Effect of variations in viscosity. Recall that the viscosity of the aqueous solu-
tion did not alter the growth of the fibres, but did change the shape of the conical aggregate
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Figure 8 Solution of (3.1)-(3.9) with the addition of a small amount of serum protein.
Notice that the protein depletes uniformly in space. Nanocrystals form throughout but
are incorporated into fibres starting at the top of the vessel.

(which we are not concerned with in this model). Since our model has no viscosity param-
eter, we model the change by changing the diffusion constants, and noting that these are
given by D = kpT/6mwan, where kp is Boltzmann’s constant, 7" is temperature, a is the ra-
dius of the diffusing particle and 7 is the viscosity. Hence a doubling viscosity corresponds
to reducing all the diffusion constants by a factor of two. Changing the viscosity had no
appreciable effect for system 1 or system 2 with small side branching. However for system 2
with significant side branching, the crystallization front of both the nanoparticles and fibres
is smoothed out by this change in viscosity; see Figure 11.

5 Discussion

We have formulated a model for the concentrations of the various species of ion, protein,
microcrystals, and larger scale crystal complexes present in the system as a function of depth
in the vessel, which describes their variation through the time course of the experiment. The
models have the form of a coupled system of partial differential equations with parameters
which we have derived from crude calculations based on experimental data. The ordering
of events, and predicted form of the solution matches well with the observed data, although
the model lacks the spatial resolution to describe the precise geometry of structures formed.
We speculate that this structure may be related to the properties of the actual molecular
level details of the protein present in solution.
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Figure 9 The effect of varying the initial protein concentration. Above the initial protein
is 0.5 units, and below the initial protein is 2 units. Compare these with Figure 8, where
the concentration is 1 unit.

We predict the presence of a diffusive wave of calcium carbonate which travels down
through the reaction vessel. Serum protein interacts with these particles to form mic-
ocrystals coated in protein that then self-assemble into bundles of fibres which occasionally
undergo side-branching. Side-branching forces the growing surface to become wider the
further down the vessel it grows, causing an inverted cone-shaped structure to form.

Our model does not capture the geometry of the described aggregation phenomena
beyond the fibres; namely, the ensemble of bundles and cones is not described. However,
we can derive some conjectures that are consistent with the models described above, and
the experimental data. For instance, at moderate concentrations of protein, fibres should
grow in bundles, with a distribution of lengths. At intermediate concentrations, the fibres
should grow to a length where secondary effects (competition of nucleation vs. increasing
electrostatic energy) inhibit further growth. Under these conditions, cones will appear.
Finally, for large concentrations of protein, nucleation should proceed on the inner surfaces
of cones, and banding should appear. There are thus many questions which this report
leaves open for further study.
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Figure 10 Solution to (3.1)—(3.6) and (3.10)-(3.13) when there is a significant amount of
side branching. Compare to Figure 8 where no side branching occurs.
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Abstract. Dialysis is aimed at the removal of charged ionic species in the blood
that arise from complications in kidney disease. Although the process for the re-
moval of urea and other unwanted charged species is understood, the effect of this
removal on the net sodium concentration in the blood after treatment is not clear.
In this report, we focus on formulating a fundamentally-based model to address
this question. We consider the formulation near the membrane at the pore scale
in order to determine effective jump conditions in ionic concentrations, electric po-
tential and flow rate based on the membrane properties, and in order to determine
whether electroneutrality holds within the pore. Secondly, we consider the local
blood-cell concentration within one of the fibres and how this varies axially within
the dialysis cartridge. Lastly, we consider a simple one-dimensional model of the
charged species problem and find that advection transport through the membrane
is important for sodium transport, but less pertinent for transport of other cation
species.
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1 Introduction

Kidney disease is treated worldwide by the use of surgical transplantation and more
often, due to lack of donor organs, dialysis. The overall aim of dialysis is to remove waste
products, such as urea, from the patient’s blood. Dialysis is performed using a dilayzer
machine, whereby blood is taken from the patient, and passed through the dialyzer where
filtration occurs, before being returned to the patients bloodstream in a continual process.
A single dialysis session can last anywhere up to four hours.

The process, however, is by no means perfect. Patients post-dialysis show a wide varia-
tion in the concentration of certain solutes within their blood, for instance sodium. Sodium
imbalance, for instance excess, can lead to higher water retention which can have adverse
health effects. With end stage renal disease increasing by between 5% and 10% per year
worldwide, there is an ever increasing need to more fully understand and improve the dialy-
sis process. In this report we present a number of mathematical models which go some way
towards providing a deterministic model of dialysis by focusing on the mechanisms involved
in the filtration of waste products from the blood in a dialyzer.

A typical dialyzer is illustrated in Figure 1. The machine works by passing blood
through perforated tubes encased in a cassette within the dialyzer. As blood flows in
one direction down the tubes (radius~200um), dialysate, the filtration fluid, is passed in
the opposite direction, thus forming a counter-current flow regime between the two fluids.
The two flows are connected by a number of smaller channels (radius~5um), which allows
exchange of solutes between the blood and dialysate. The exchange of solutes is driven by
both diffusion and convection through the channels. Details on the geometry of the tubes,
the size of the interconnecting channels, channels per tube and other details relevant to the
problems discussed in this report are detailed in Table 1.

Dialysate is designed to filter the blood during the dialysis process (which can take
anywhere up to four hours) without altering the solute concentrations within it. As such
the dialysate contains the main solutes found within blood (e.g. potassium-K*, sodium-
Na™, and chlorine-CI~). The unfiltered blood contains these same solutes as well as urea
(to be filtered), along with blood cells and various negatively-charged proteins that are not
filtered.

Whilst it is relatively simple to understand the basic elements of dialysis, the effect
of the physical processes (fluid flow, solute transport) within a dialyzer requires detailed
quantitative understanding of each process in order to accurately understand the overall
blood filtration effects. As such the problem is ripe for mathematical modelling, with
a number of models formulated to date. We briefly review here the different modelling
approaches. For further details the reader should consult the recent review of [3].

Mathematical modelling approaches fall in to two main areas: (i) compartmental ordi-
nary differential equation (ODE) which model the patient-dialyzer system; and (ii) models
which describe the spatial variation in solute concentration fluid flow within a dialyzer using
the theory of partial differential equations (PDEs). Both model types are generally param-
eterised by comparing and/or fitting model outcomes to experimental and/or patient data.
Their main use then is in predicting the effective removal of urea from the blood stream and
the solute concentration at the end of the process. Sodium is a common solute of interest
given the issue of overhydration and the resultant health issues.

Compartmental models include descriptions of the fluid (blood plasma, dialysate) and
solutes within the patient/dialyzer system, and focus on key issues, for instance urea or
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Figure 1 A schematic representation of a typical dialyzer (left) and the geomet-
rical layout of a cassette showing the porosity of the tubes (right).
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specific solute clearance. The basic urea model [3] considers a single compartment into
which urea passes and is then separated into a fluid of volume V' and urea of concentration
C. Urea is then removed from the compartment at a constant rate. This leads to a single
ODE which can be solved analytically to determine the change in urea concetration over
time. More complicated models consider different compartmentalisations. For instance [9]
built on the work of [10] and considered a three compartment model: intracellular (rep-
resenting fluid inside patient cells), interstitial (representing fluid outside cells) separating
the cell from the final compartment, the blood plasma. The dialysate only affects the blood
plasma. Each compartment is separated by a ‘membrane’. In the intracellular to extracel-
lular compartments this is equivalent to that of the cell membrane, whereas the interstitial
to blood plasma membrane represents resistance of solute flow between these regions. Sim-
ilar models have been used to fit to experimental data regarding the profile of solutes from
patients and experimentation on dialyzers [6].

A similar model [12] used three compartments for the body fluids (plasma, interstitial
and intracellular, as mentioned above) and tracked transport of the main solutes between
these compartments and between the blood and dialysate. The authors claim that the
required parameters for the model can be determined a priori based on the body weight
and measured pre-dialysis plasma concentration values for patients, and that their model’s
predictions agreed fairly well with the results from multiple dialysis sessions for six pa-
tients. They suggest using the model to tailor dialysis sessions (i.e. by varying the length
of the dialysis session and/or the concentrations of various ions in the dialysate solution)
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to the needs of individual patients. The desirability of implementing such a scheme, and
some of the difficulties of doing so in an actual clinical setting, are discussed in [14]. Pro-
filed hemodialysis is an even more ambitious scheme for minimizing the unpleasant side
effects of dialysis by varying operational parameters of the dialysis machine (e.g. sodium
concentration in dialysate) as a function of time [9].

In [13], some of the issues involved in building a compartmental model of the dialysis
process are discussed. Starting from a simple one compartment model, several more detailed
models with successively more compartments are built and investigated. All of the models
considered in this reference only track one concentration, that of the main ‘toxic substance’
(presumably urea) that the dialysis treatment is designed to remove from the blood.

There are considerably fewer models of dialysis which include descriptions of the varia-
tion in fluid flow and solute concentrations within a dialyzer (see the introduction to [5] for
a brief review). Such models are generally solved numerically. Ding et al. [4] modelled a
hollow fiber hemodialyzer as two interpenetrating porous regions, of differing porosity, con-
taining blood and dialysate respectively. The two regions are separated by a thin porous
membrane. The fluid flow of blood and dialysate were considered to be governed by the
Navier-Stokes equations, with the concentration of dialysate and blood modelled by quasi-
steady state diffusion-convection equations in each region. The membrane flow is described
by a difference in the pressure between the blood and dialysate regions and the concentra-
tion of the blood and dialysate. Ding et al. [4] obtained numerical solutions to their system
of equations to predict the spatial variation in urea along the length of the dialyzer. This
was compared with experimental data and shown to be in good agreement. Similar porous
media models have been formulated and solved by Nordon and Shindhelm [7] and Osuga et
al. [8].

Of interest here is to understand the dominant mechanisms of solute transport from
the blood to the dialysate under normal operating conditions. The pore-scale processes
within the membrane, which include advection from the flow of liquid from the blood to the
dialyzer, electrodiffusion effects due to the induced electric fields from the ions themselves,
and reverse osmosis effects due to the concentration jump across the membrane, are key to
understanding this transport. Inherent in this understanding is the characteristic lengths
and other scales related to this problem. In Table 1, we list the characteristic geometric
parameters of the cartridge, the tubing, and the typical pore scales of the semi-permeable
membrane, and we list the diffusion and concentration values in Table 1. In Table 1 we
list the effective flow values during normal operating conditions, along with some typical
nondimensional quantities based on the values in Table 1. Since the dialysate and the blood
contains concentrations of charged species, we list some characteristic electrical parameters
in Table 1,

In this report, we focus on three distinct problems. The first problem relates to the
dependence of the solvent and solute transport through the pores in the semi-permeable
membrane (see Section 2). The second problem, discussed in Section 3, considers the
plasma/fluid transport through the membrane due to pressure differences in the blood and
dialysate regions. Finally, in Section 4, we consider a simple one-dimensional model of
solute transport across the membrane. We conclude in Section 5.

2 The problem in a single pore

The dialysis process of removing fluid, urea and potassium ions from the patient’s
plasma is controlled by the transport properties of the membrane. To understand these
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Table 1 Geometrical quantities from literature, many from [17].

Quantity Symbol Value
Dialyser length lq 0.2 m
Dialyser radius T4 0.02 m
Number of tubes Ny 12,000
Tube radius T 107% m
Number of pores per unit area Nppua 103 m—2
Length of pore (wall thickness) lp 15 x 1075 m
Pore radius Tp 5x 107 m
Cross-sectional area of dialyser Ay = wrﬁ 1.3 x 1073 m?
Inner area - single tube Ay = 7TTt2 3.1 x 1078 m?
Outer area - single tube Ao = 7(re + lp)2 4.2 x 1078 m?
Area of inner tube surface Ay = 2Nymrily 1.5 m?
Fraction of cross-sectional area

occupied by tubes ¢t = NiAyo /Ay 0.40
Scaled distance between neighbouring tubes | d; = 1/27/(v/3¢¢) —2 | 1.0
(assumes triangular lattice)
Number of pores Np = 2Nmril anppua 1.5 x 1013
Area of pore Ay, =mr 7.9 x 10717 m?
Pore fraction of tube surface area bp = T Nppua 7.9%x 1074
Nondim distance between neighbouring pores | d, = \/27/(v/3¢,) — 2 | 66
(assumes triangular lattice)

Table 2 Flux/flow quantities.

Quantity Symbol Value
Fluxes:
Flux of blood Qs 400 x 1079/60 m3 /s
Flux of dialysate OF 800 x 107%/60 m?/s
Blood filtration rate Qp 1073 /3600 m3 /s
Flow:
Average blood velocity Uy = Qp/ (Nt Ayi) 0.0018 m/s
Average diastolate velocity Ui = Qa/(Aa(1 — ¢¢)) | 0.0018 m/s
Average velocity in pore Up = Qp/(NyAp) 2.3 x 107* m/s
Reynolds number of the blood Reyp = 2Upre /1y 0.88
Reynolds number of the diastolate | Req = Uy di /vy 0.45
Péclet number of sodium

(or potassium) in blood Penay = 2Uyrq/Dna | 3.5 x 10°
Péclet number of sodium

(or potassium) in pore Penap = Uply/Dng 1.8

properties fundamentally, we need to investigate the ion and fluid transport through a
single pore. During the workshop, we considered only transport of the ions by a prescribed
pressure field, which is described in Section 2.1 below. In general, however, the flow in
these membranes is driven by concentration gradients local to the membrane in the bulk.
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Table 3 Electrical quantities from literature, many from [17].

Quantity Symbol Value

Electric constants:

Proton charge e 1.602 x 10717 C
Permittivity of free space | € 8.85 x 10712 A2%s'kg=tm—3
Relative permittivity €R 80

Boltzmann’s constant kp 1.38 x 10723 J/K
Faraday’s constant F=N,e 9.4 x 10* C/mol

Debye lengthscale VeoerkpT/(AmeFeng) | 1.2 x 1079 m

Table 4 Diffusion and viscosity quantities from literature, many from [17].

Quantity Symbol | Value

Diffusion and viscosity:

Kinematic viscosity of blood vy 4x107% m?/s

Kinematic viscosity of dialysate | vy 4 %1075 m?/s

Diffusion coefficient of sodium Dy, 2 x 1079 m?/s

Diffusion coefficient of potassium | Dx 2 x 1079 m?/s

Diffusion coefficient of urea Dyrea 1.8 x 1072 m?/s

Operating Temperature T 300K

Avogadro’s number N, 6.023 x 10?3

Sodium concentration in blood | cng 140 mmol/l= 1.4 x 10? mol/m?

Table 5 Typical pressure drops measured in the cartridge during dialysis [15].

Pressure drop Value in literature (Pa)
Blood along tubes 2,666
Dialysate 6,666

Across pores (Apy,) 40,000-49,400

We perform an analysis by Anderson and Malone [2], extended to electrolytes, to include
osmotic effects. In this case, the flow field and concentration fields are necessarily coupled.
This work is found in Section 2.2. Simple examples of these field equations are presented
in each section.

The rationale for this extension is based on the following argument. Fournier [15] gives
the blood and dialysate gauge pressures as 117,300 Pa and 74,600 Pa respectively and the
pressure drops as 2,666 Pa and 6,666 Pa respectively, meaning the pressure drop across
the pores varies between 40,000 Pa and 49,400 Pa. These values are compared in Table 2.
This shows that the comparison is quite bad, particularly in the pores. However, both the
calculated and the actual values do suggest that the pressure drop across the pores is much
larger than that along the length of the dialyzer. We may also calculate the permeability
(volume flux per unit area per unit pressure drop) across the walls of the tubes, which for
Ap, = 45kPa gives

Qp

— %% ~4.1x 10" m?%s/ke. 2.1
27relaN:Ap, ms/ke (2.1)
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Figure 2 Geometry of pore problem investigated in Section 2.

Values of the permeability of biomaterials are given as 10714-107" m?s/kg, and in dialyzers
are between 2 x 107!2 and 4 x 107 m?s/kg, so these values are consistent with purely
pressure-driven flow.

The geometry of the pore problem is shown in Figure 2. The membrane surface on the
blood side is at z = 0, and we focus on one pore of radius r, and length [,,.

2.1 Pressure-driven flow. The governing equations for the axisymmetric ion trans-
port are given by [16]

% 4+u-V¢g = V- (DZVCZ) + V- (CZZZkZ€V¢) , (2.2)

ot
_47TZFCiZ’i7 (2.3)

1 r?

p

V3¢

where u = ur + wz, ¢ is the electric potential, F' is Faraday’s constant (see Tables 1 and
1), and (2.2)(2.3) apply on an axisymmtric domain 0 < r < r, and 0 < z < [,. Equation
(2.2) represents the transport of species i through the pore, where i = 1,2,... N denote
distinct species, and where ¢; is the molar concentration of species 7. The second term
on the left-hand side represents advection of charge through the pore. The two terms on
the right-hand side of (2.2) (from left to right) represent diffusion of charge through the
pore and electrodiffusion, respectively. Each species in general has its own rate of diffusion,
D; = kgTk;, where kg is Boltzmann’s constant, 1" is the temperature of the solution, k; is
species mobility. In addition, each i-ion has a net charge z;e, where e is the fundamental
charge of an electron (see Table 1 for specific values). We assume the flow of the solute
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within the pore is pressure-driven Stokes flow in cylindrical coordinates, which results in
the quadratic profile shown in (2.4).

Electrodiffusion is driven by gradients in the electric potential ¢. This potenial is found
through (2.3), which represents Gauss’s law in electrostatics, where € is the relative dielectric
permittivity of the solvent. Note that the net charge density p = >, e F' z; ¢; is the quantity
that drives potential gradients.

Boundary conditions for this problem are no flux conditions at » — 0 and r = 7,

r—0 r%—ﬂ),r%—ﬂ), (2.5)
801- 8¢)
= . _— = — = . 2.
"= or aor 0 (2:6)

We are interested in finding effective jump conditions from above and below the pore,
and so we assume Dirichlet boundary conditions at z = 0 and z = [,

z2=0: ¢ c™) , = o), (2.7)
(

¢ p=00) . (2.8)

(2

z=1ly: ¢

We scale r on 1p, z on I, t on l,/w,, u on w,, ¢; on C,, and ¢ on kgT'/e to arrive at
the following nondimensional problem

; . . 2.
6% Pe; <% +%(1 —1“2) aCl) 19 (raCZ> +62a G +1£ <zC’ 8¢>

ot 9z ) ror or 022 " ror " "or
0 1)
2 7 (.2
+46 9 (ZZCZ 8z> , (2.9)
10 (00 206 1
S (a—> HgE w2 H (210)

where 0 = r,/l, ~ 3 x 10~ is the aspect ratio of the pore, Pe; = Woly,/D; ~ 1.8 is the
Péclet number for each species, and A = Ap/r, is the Debye length ratio, where the Debye
length is given by A\p = /(ekpT)/(4meFC,). The boundary conditions (2.5)-(2.8) have
the same form with this scaling

r—0: T%HO,T%HO, (2.11)
8Ci . 8¢ .

2=0: c¢=CP =00, (2.13)

i=1: ¢=C7 ¢=30). (2.14)

Although the Debye length scale is on the same order of magnitude as the pore radius,
we can consider the problem in the limit of small aspect ratio § — 0. We use a regular
asymptotic expansion for each of the quantities

Ci:ni0—|—52ni2+..., ¢:¢0—|—(52¢2—|—.... (2.15)
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At leading order, we find that

10 oanio 10 oo .

ror ( o > o <’“ZZ”10—ar ) =0 (216)
10 ([ 04\ 1
;g (T or ) - _ﬁ 2i 150 (217)

subject to the no-flux boundary conditions in 7. We can integrate (2.16) directly in terms
of r, and note that

Onio o lon .
o + z;inio 8r =0, (2.18)

since the fluxes are zero at » = 0,1 for all 0 < z < 1. A second integration of (2.18) gives
the Nerst relation between concentration and potential

niO(T7 Z7t) = Ai(z,t)e_zi (bo(T,Z,t) . (219)
Hence, the leading order problem to consider for the potential problem gives
10 0, 1 250
;g (T 87" > = _ﬁ i Zi Ai(z,t)e # s (220)

subject to no-flux boundary conditions (2.11)—(2.12). Note that the trivial solution d¢,/0r =
0, or for ¢ independent of r gives the electro-neutrality constraint.

At this stage, we must make a choice in order to solve for (2.20). The simplest choice
is to prescribe electro-neutrality ab initio,

Z Zinig = ZziAi(z,t)e*Z“z’o =0, 0<r<1, (2.21)
i i
which gives that ¢, = ¢,(z,t) to leading order, and
nio(z,t) = Ai(z,t)e_zi¢°(z’t) .
To find the values of n;9, ¢,, we go to the O(6%) problem

8ni0 1 2 8ni0 10 3?%1 327%0 10 3¢1
Pe. Z (1= - - () ———
el[@t +2( ") 82’] ror <T 6r>+ 922 ' Tor (zmzoﬁr
0 09,
+ E <zmiog> : (2.22)
10 [ O¢ |
;E (Tw> + 82’2 = — ﬁ ; Z; N1 (223)

subject to the no-flux boundary conditions (2.11)—(2.12). With these conditions, we can
find the effective equation for each n;g as a function of ¢,,

8ni0 187%0 . 82ni0 0 . 8¢0
P < ot t10: ) =z T s | (224)

The case of monovalent ions is a classical derivation if the Peclet numbers are the same
[1, 16]. If z; = =1 and Pe; = Pe, then we can define a conductivity o and a charge density

PE as
2
0:§ zi nio pEZE zing =0 .

7 7
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By electro-neutrality, the charge density is zero, and we can add all of the equations in
(2.24) to obtain
do  10o foates
Pel —+-— | =—, 2.25
€(8t+48z> 022 (2:25)
while multiplying each (2.24) by z; and adding the remainder of the equations gives the

relation for the voltage potential
0 09,
- =0 2.26
0z (J 0z > ' (2:26)

which states that the current density is uniform in the axial direction of the pore. If we
prescribe the conductivity along the blood side of the membrane o = 03, at z = 0 and at
the dialysate side of the membrane o = g4 at z = 1, then we can analytically find the local
conductivity and electric potential in the pore

Pe Pez Pez
e —e e -1
7T T e o (227
Pe
e -1 1
= Jp—p5—— ——1 . 2.28
el G TOR: 2:29)

With (2.27) and (2.28) we can find relations for the net conductivity flux through the pore,
along with the net jump in voltage potential

Oo efeoy, — oy 1 efe—1 1 o4
=Peoc— — =Pe—5—— o=Jpg————% —log |— 1p .
(2.29)

Unfortunately this argument does not generalise easily to a larger number of solutes of
general valency.

2.1.1 Nonzero Pore Charge Density. In this section, we consider the case when the
electro-neutrality condition in (2.21) is relaxed. The leading-order problem is then fully
nonlinear in terms of the species concentration and the electric potential. The classical
approach to this problem can be found in standard texts (e.g [1]), where the potential is
fixed along the pore wall at the (-potential. We focused on the case when the membrane
acts as an electrical insulator. In order to simplify the analysis, we consider the situation
when advection transport is small compared to diffusive transport.

We then consider the nonlinear problem, where both z and r are scaled on the pore
radius,

V2C; + %V - [CiV¢] = 0 (2.30)
1
Vi = —ﬁZziCi:—aZ 2 C; (2.31)

on the domain 0 < z < I,,/7, ~ 3 x 103 and 0 < 7 < 1, subject to zero normal derivative
conditions

oci 0o
on  on

on the boundary. Note that there is no time-dependence on C;, ¢ at this order.
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If (2.19) holds, and we consider a monovalent mixture, we can then lump the positive
species p and the negative species n as

p:ZCZ‘, n:ZCZ

Ziil Zi:—l

C, = Z Ci(0)€_¢(0) ’ O = Z Ci(O)ed)(O) ’

zi=1 zi=—1
and with a shift in the potential by ¢* = [log (C_/C4)] /2, we find the following nonlinear
eigenvalue problem for the shifted potential ¢
V3¢ = —~sinh¢ . (2.32)

The two simplest classes of solutions for this problem are purely axial solutions and
purely radial solutions. For purely axial solutions, let us consider the simplest problem
with Dirichlet boundary conditions

If we define

d? !
d—zf—i—'ysinhqb = 0, 0<Z<é’ (2.33)
$(0) = ¢ , lim ¢ = ¢ . (2.34)

z—lp/Tp

Equation (2.33) can be integrated once, and from the constant of integration, we find the
relation between the field strength to the difference in potential

()], (&)
dz dz
z=0

From this relation, we note that the classical results arise depending on the value of . In
the limit v > 1, then ¢; = ¢g, or the pore acts like a conductor. In the limit v < 1, then
|¢2]2=0 = |¢2].—1,/r,, Which corresponds to a continuous electric field along the membrane,

or the membrane acts like a perfect dielectric.
The purely radial problem

= 2~ [cosh ¢1 — cosh ¢,] . (2.35)

z=lp/rp

= —~vsinh ¢(r)

rdr r%

needs to be solved numerically. The eigenvalue ~ is found by optimizing over the unknown
reference potential ¢(0).

i |

2.2 Modified Solvent Flow. Osmosis through a semi-permeable membrane is de-
scribed directly in elementary chemistry courses for nonelectrolytes. A membrane is de-
signed to allow solvent molecules to pass through, but prohibit the transport of larger
solute molecules. Due to the estimates in kinetic theory, the number of impacts per mol-
ecule on either side of the membrane is approximately the same, but the side which has
a lower concentration of solute will have a larger number of solvent molecules striking the
membrane. Since the solvent molecules can pass through, this results in a net flow of solvent
from the low concentration side of the barrier to the higher concentration side. From [2],
the accepted equation for the volume flux of solvent in such a system is given by

Qp =L, APy — Ly All, |

where @), is the volume flux of the solute, L, is a hydraulic coefficient, and the notation
AP, denotes the jump in bulk values of the hydraulic pressure P across the membrane.
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Table 6 Typical osmotic pressure drops found from bulk plasma and dialysate values,
assuming that there are no electrical effects. Note the bias in the hydrostatic pressure
given in Table 2.

| Species | Plasma (meq/L) | Dialysate (meq/L) [ AII (kPa) |
Sodium 140 140 0
Potassium 5 3 )
Chloride 114 110 10
Bicarbonate 20 35 —37
Urea 40 0 99

The additional term corresponds to the “osmotic pressure” II = RT Cy, and Ly is a
conductivity coefficient. For a perfect semi-permeable membrane, Li; = L,,. Note that the
scale for II is on the order of 0.35 MPa, which is about one order of magnitude larger than
the characteristic hydraulic pressure scale. In the case when the membrane is “leaky”, or
some solute is allowed to pass through the membrane, L, > Ly. Note that these leaky
membranes are the standard approach to simple models of the dialysis process with spatial
variation (see [4]).

Note that the dialysis process is designed for the removal primarily of urea from the
blood. The osmotic pressures for urea, based on its concentration, is below the hydraulic
pressure difference between the blood and the dialysate (see Table 2.2). This suggests that
the membranes used in dialysis are leaky, and the coefficient Ly needs to be determined
based on the concentration and electric potential effects within the pore. In principle, there
should be a single model that describes the flow of solvent in this situation for the mixture
of charged species, and we focus on this topic in this section.

We follow [2] in theme, but consider the case of charged species to find how the con-
centration gradients determine the fluid velocity in the pore. We begin by considering the
the momentum and continuity equations for fluid flow in the pore, assuming fluid inertial
effects are negligible (see [1])

V-u = 0, (2.36)

~Vp+pViu+pgE = 0, (2.37)

on 0 <r <y, 0<z<l, where u = ur 4 wz is the velocity field in the pore, p is the fluid

pressure, £ is the dynamic viscosity, pp = ), z; e F' C; is the charge density, and E = —V¢

is the electric field.

We scale 7 on rp, z on l,, w on w, = 6 [CoFkgTr,/pu], p on p, = ,uwolp/rg, and consider

the same asymptotic series expansion as in Section 2.1. For each of the concentration fields,
Nerst’s relation (2.19) holds (written here in dimensional form for clarity)

C; = COAZ‘(Z, t)e—zi F(¢(r,z,t)—®T)/RT )

Note that from this form, the osmotic pressures can be found formally as
Hi = RTCZ‘ = —ZZF/CZd¢ s

which suggests that the A;(z,t) are effectively the nondimensional partial osmotic pressure
of species 7 in the pore.
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From the leading order r-momentum equation, we have
dp 9¢
E + ; ZinoiE =0, (238)
which has a first integral that gives

p(r,z,t) = Py(z,t) = > Aj(z,t)e =00 (2.39)

To consider the z-momentum equations, we note that

dp 0P, 5 (8AZ- - ZA‘@) J—

0z 0z 0z 0z

which results in the following problem for the axial fluid velocity w

10 [ ow OP, 0A;
- v b _ o Y —zip(r,z,t)
r or <T or > 0z - 9z ’ (240)

with lim, _grdw/dr = 0 and w = 0 along the pore wall » = 1. Formally, the solution can
be written in terms of the following integral

Lyp o P, A;
w—/ —/ r1 OF _ &e—zm(m,z,t) dry drsy .
» 2 Jo 0z - 0z

To solve for u, we use the continuity equation (2.36) with the expression of w above.
Requiring that both u = 0 along » = 0 and r = 1 gives a constraint for P, in terms of the
electric potential ¢. However, in this general form, the transport equations for ng; along
with Gauss’s equation for ¢ are highly coupled.

As a simple example, let us assume electro-neutrality in the pore, which gives ¢ = ¢(z,t).
Note that the pressure p = p(z,t) still has the osmotic terms in its expression, and the
expression for w in this case becomes

r2—1 (0P, 04A; _,
— _ - i¢(zvt)
w 1 P : 55 ¢ . (2.41)
From (2.36), we find that u is given by
™ r\ 0 | P, 0A; _,
= —(—=—=)= =) LeEd 2.42
" (16 8> 9z | 02 40z ° ’ (2.42)
and the requirement that « = 0 along » = 1 gives the following Reynolds equation for P,
0 (0P, 0Ai _..s
— - —e 7?1 =0. 243
0z < 0z - 92 C (243)
One integration gives that the flow rate through the pore is constant, or
1 (0P, 0A; _..0
=—— — —e 7 . 2.44
@ 16 < 0z - 9z (244)

A second integral, if possible, would give the leaky flux relation for solvent in terms of the
bulk hydraulic pressure and the bulk concentrations of each species. Note, however, that
the constant flow rate then gives a velocity profile of the form (2.4), which suggests that
the results of Section 2.1 hold for this particular example.
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3 Porous-Medium Membrane Model

In this section, the motion of the fluid through the cartridge is assumed to be pressure
driven. Opposing pressure gradients are imposed at both ends of the device in order to force
the blood and the dialysate to travel in opposite directions. Furthermore, the reference
pressure of the blood exceeds the pressure of the dialysate, resulting in fluid from the
blood flowing through the membrane and into the dialysate solution. The red blood cells
are unable to penetrate the membrane and as a result, their concentration in the fibre
increases. The goal of this section is to compute the large scale flow within a single fibre
and the surrounding dialysate. Using this fluid velocity profile, the concentration of red
blood cells in the fibre can be obtained. How the concentration of solute varies with the
removal of the plasma is left for a later work.

3.1 A Simple Model. To describe the essential features of the large scale flow, we
consider the two dimensional motion of fluid that is confined between two adjacent regions.
These regions are separated by a permeable membrane (see Figure 3). One of these regions
represents the interior of the fibre where the blood flows. The other represents the exterior
region of dialysate solution. We apply symmetry conditions along z = +r;. For simplicity,
we assume that the “radius” of the dialysate region is equal to the radius of the fibre.
Changing this value should not have a significant quantitative effect on the dynamics of the
system. The length of the fibre, I4, is much greater than the radius r; in the cartridge, and
this fact will be used to simplify the governing equations. Since the flow is pressure driven,
we further assume that the pressure is prescribed at both ends of both regions.

The fluid in both regions is assumed to be modelled by the steady, incompressible,
Navier-Stokes equations. In two spatial dimensions, these can be written as

0
pu-Viu= _8_§ + uV3u, (3.1a)
dp 2
p(u-V)w:—&—i—uV w, (3.1b)
ou Ow
% + g =0 5 (3.1C)

where u = u(z, 2)x + w(z, 2)z is the fluid velocity vector written in terms of components
along the standard Cartesian unit vectors, p is the fluid density, p is the hydrodynamic
pressure, u is the dynamic viscosity of the fluid, and V is the gradient operator in Cartesian
coordinates. The velocity of the blood and of the dialysate is denoted by u; and us,
respectively. Similarly, the pressure in the blood and in the dialysate is labelled as p; and
p2. For simplicity, the density of the two fluids, as well as their viscosities, are assumed to
be equal. The concentration of red blood cells, b(x, z), is governed by a steady advection-
diffusion equation

V-J=0, J=ub—- DV, (3.2)
where J = J(x,z) is the flux of red blood cells and D is the diffusion coefficient. This

equation only holds in the interior of the fibre, since red blood cells cannot pass through
the membrane.
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Z =T
P11 Blood: up, b P12
o Porous membrane
2=0 ---- - - -
Py, Dialysate: us Py,
7= =1 |
=0 =l

Figure 3 Model geometry. The top region corresponds to the interior of the fibre where
the blood is flowing, whereas the bottom corresponds to the dialysate region exterior to
the fibre. The length and the radius of the fibre are denoted by l4 and r, respectively.
Governing equations will model fluid velocities u; and ugz in the blood and dialysate
regions, respectively, as well as the blood cell concentration b inside the fibre. The P;;
denote prescribed fluid pressures at the ends of the system.

The symmetry of the system implies that there is a stress-free condition and a no-flow
condition on the fluid velocities at the center of the regions,

3’11,1

5. =w; =0, z=rmry,
3’11,2 0

—— =wy = Z = —T¢.
0z ’

Along the membrane, there is a no-slip condition on the horizontal fluid velocities , u; =
uo = 0 along z = 0. Since fluid can pass through this membrane, the vertical velocity
is governed by Darcy’s law at z = 0, which states that the vertical fluid velocity at the
membrane is proportional to the pressure difference across it

_kp—m
poolp
where k£ and [, are the permeability and the thickness of the membrane, respectively. The
permeability is assumed to be constant, which implies that none of the pores in the mem-

brane become blocked by red blood cells. It is further assumed that the pressure at the
ends of each region is prescribed,

wy = we , z=0, (3.3)

pi:Pilv x:()a (34
pi:-P’iQu .T:ld, )

for 1 = 1,2. To obtain the correct flow, the following inequalities are assumed to be true
Py < Pyy < Prg < Pry.

These are needed to ensure that the blood and the dialysate flow in opposite directions and
they allow the water from the blood to cross the membrane.

It is assumed that the concentration of red blood cells entering the device is a fixed
constant by. Furthermore, there is zero flux of red blood cells at z = 0 and z = r;. The
condition at z = 0 arises because red blood cells cannot pass through the membrane and
the condition at z = [ is from the symmetry. In summary, the boundary conditions for the



70 Sodium Flux during Haemodialysis

concentration are given by
b= bo, xIr = 0,
J n=0, z=0,r,

where n is a unit vector normal to the boundary. Although the equation which governs the
concentration (3.2) is second order in z, further analysis will show that only one boundary
condition is required.

3.2 Scaling and Nondimensionalization. One of the characteristic properties of
each fibre is its length. Typically, a fibre is approximately one hundred times longer than it
is wide. Therefore, we define the small parameter ¢ = r;/l; < 1 and rescale the governing
equations. In particular, we scale the physical dimensions by = — lgx, 2 — 742, where the
new, nondimensional, domain is from 0 < x < 1, —1 < z < 1. The velocity components
and the pressure are scaled according to

U,
u—Upu, w—elyw, p—Lp,
r¢€
where U, is the mean velocity of the blood through the device. With these new variables,

the Navier-Stokes equations (3.1b) become

2 . — - -
e“Re(u-V)u % T a2 T oy (3.5)
op Pw 0w

4 ) _ _9p . a2 _2

e'Re (u- V)w 82—1-5 (5 52 + 5.2 | (3.6)
ou Ow
—+—=0 3.7
Ox + 0z ' (37)

where the Reynolds number is defined as
l

Re — %.

"

From Table 1, Re ~ O(1). Therefore, to leading order, the pressure along the z direction
is constant, and the pressure gradient in the x direction is balanced by viscous diffusion in
the z direction. The boundary conditions essentially remain unchanged, except for scaling
the constant values in (3.4) and scaling Darcy’s law in (3.3) to become

w = K(p2 — p1),
where K = k/rd,e? ~ O(1).
The concentration can be rescaled according to b — by b, resulting in the nondimensional
advection-diffusion equation

2 2
e*Pe(u; - V)b = 52% + %, (3.8)
where the Péclet number for the blood cells is given by
Ul
=5~
Thus, to leading order, the advection of red blood cells is balanced by their diffusion in the
z direction. The boundary conditions simplify to become b =1 at x = 0 and

e?Pewb—b, =0, z=0,1.

Pey, O(e™2).
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As can be seen from (3.8), the second order derivative in = drops out. Indeed, only a single
boundary condition in x is needed to obtain a solution at leading order.

3.3 Solution. To leading order, (3.6) suggests that p = p(z). In addition, (3.5) gives
the following velocity profiles in the axial direction in each region

w o (2
VT oar \ 2 ’

~ dpo 22
v = 8x<2+z)'

Conservation of mass (3.7), along with the no-flow conditions at z = £1 gives the vertical
velocity component in each domain

p, (-3 i 221
w = _— _— =
! a2 \ 6 2 3)°

Y
2= a2 e T2 T3)

Applying the condition on w at z = 0 shows the pressure must satisfy the system of ordinary
differential equations given by

d*p

2P 3K (p —

dx2 (pl b2 ) )
d2p2

— = 3K — .
d.’E2 (p2 P1 )

Each solution takes the form p;(z) = aivle‘/@‘” + az-,ge*‘/ﬁ‘” + a; 3¢ + a; 4. The coefficients
are cumbersome functions of both K and the pressure’s boundary conditions, and showing
them here would provide no further insight.

Because the flow is assumed to be two dimensional and incompressible, stream functions

1; can be found. Solving u = 1, and w = —1,, in each region yields the two stream functions
~dp 22 2 1
= < 6 2 3)
~ dp2 22 21
¢2—'%(€+3‘§~

Using the fluid velocity found above, the concentration of red blood cells in the upper
region can be solved. Despite the governing equation being linear, the velocities are suffi-
ciently complicated that it could not be solved analytically. Instead, a simple, upwinded,
finite differencing scheme was used. In particular, central differencing was used in the z
direction and backwards differencing was used in the x direction to account for the blood
travelling in the positive x direction.

3.4 Results and Discussion. The scaled streamlines can be seen in Figure 4. Blood
enters the top region from the left and has a small downward component, which is a result
of the prescribed pressure differences on the left and right boundaries and the porous mem-
brane. In the bottom region, dialysate enters from the right and also has a small downward
component. The flow from the top to the bottom region is expected, as this corresponds
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Figure 4 Scaled streamlines of the flow in two regions separated by a porous membrane
(dashed line).

to plasma water leaving the inside of the hollow fibres and entering the dialysate fluid
space, which is what happens during the dialysis process. This flow represents the underly-
ing convectively dominated régime of solute transport, assuming that electrical effects are
negligible.

The pressure found depends only on z, and although it is an exponential function, the
value of K is small enough for the function to be approximately linear in both regions. If
K is increased enough, there is a pressure drop in the center, and some of the fluid from
the right of the top region will flow to the left and then down into the bottom. Since K is
proportional to permeability, this intuitively means that increasing the permeability of the
membrane makes it harder for the fluid in the top region to make it across. Furthermore,
as the permeability tends to zero, the pressure becomes a linear function of x, and both
velocity profiles reduce to Poiseuille flow in Cartesian coordinates.

In Figure 5, the concentration gradient of red blood cells in the upper region can be
seen, along with the stream lines. The concentration increases toward the membrane and
also increases downstream to the right. Interestingly, the concentration gradient appears
everywhere to be almost parallel to the streamlines. This implies a large contribution to the
movement of red blood cells from diffusion, otherwise we would expect to see concentrations
that are constant along the streamlines. In fact, this solution is valid not only for red blood
cells, but for any solute that cannot pass through the membrane, such as protein. This is
provided the diffusion coefficient of the solute is on the same order as that for red blood
cells and, if the solute is charged, electric effects can be ignored.
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Figure 5 Scaled blood-cell concentration gradient and the streamlines in the fibre.

4 Bulk Solute Transport - Outer Solutions

In this section, we review the different models that try to estimate the solute distribution
away from the membrane. In all of these models, since the advective transport to the
membrane is much smaller than the advective transport along the filament axis, the effective
equations of motion are quasi-steady. In future work, additional details on how advection of
solute from the blood into the dialysate would need to be included in order to see changes
on this longer time scale.

4.1 Toy model based on transport equilibrium.
4.1.1 Assumptions. Our simplest model of a dialyzer assumes that:

1. The transport of solutes between the blood and the dialysate involves the sum of a
diffusive term (proportional to the concentration difference across the tube walls),
and an electrical term (proportional to the product of the charge on the species, the
electric field across the tube walls, and the average concentration).

2. Dialysis continues for sufficient time to allow the blood to come in to equilibrium
with the dialysate.

3. Electro-neutrality is maintained in the blood and dialysate at leading order (though
minute differences can lead to a significant potential difference, and hence an electric
field, across the tube walls).

4.1.2 Notation and equations. Consider n diffusing species. Each speciesi € {1,2,...n}
has valencey z;, and concentrations C; in the blood and ¢; in dialysate initially. Since the
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Table 7 Initial concentrations C; in the blood and ¢; in the dialysate, used in the example
in Section 4.1.3.

| i || Species | % | C;(0) | ¢ |
1 Na™ +1] 100 | c
2 K+ +1 1 0
3 Cl~ —1| 100 | ¢
4 Pr~ -1 1 0

dialysate is not recycled, the concentration there remains fixed at ¢;, while the concentration
in the blood can evolve to its equilibrium value C° = lim;_,o C;(t).

The equations for our model, to determine the equilibrium concentrations C;° are then
as follows. For species that can pass through the tube walls we must have no net transport
at equilibrium. We assume that the advective, diffusive and electrical fluxes from the blood
to the dialysate are given, respectively, by

o - o957, (@.1)

Qd = Di(Ci_Ci)a (4.2)
_qzD; (Ci+ g

o - L2 (95)E (1.3

where @ is the flux of fluid through the wall, E' is the mean electric field strength, D; is a
species dependent mobility coefficient for passing through the tube walls. At equilibrium,
the total flux of each species must be zero. We also have no flux of fluid, so @ = 0 and
there is no advective transport to consider. Balancing the diffusive and electrical fluxes we

find that
D; [(050 —e)+ L (CZ' i Ci) E] = 0. (4.4)

+ kT 2

For species that are unable to pass through the tube walls, the concentration in the
blood cannot alter, so

e =y (4.5)

Finally the condition of electro-neutrality gives us
> CPz=0. (4.6)
i

We now have n + 1 equations for the n + 1 unknowns {C°} and E.

4.1.3 A simple example. For simplicity we consider just four diffusing species: Na™, KT,
Cl™, and Pr(the latter representing a negatively charged protein ion). All the ions are
monovalent (z; = £1), and the first three can pass through the tube walls, but the protein
cannot. Initial concentrations in the blood and dialysate are shown in Table 4.1.3. The
blood contains a mixture of all four, whereas the dialysate contains only a concentration ¢
of NaCl.

We want to find appropriate concentration ¢ of NaCl in dialysate to allow removal of
KT without affecting Na™ levels. But firstly we solve for the forward problem to determine
{C¢°} for a given c.



Sodium Flux during Haemodialysis 75

102
101 |
100 |
99 |
98 |
[ o
[ C°
97 :
98 985 99 995 100 100.5 101

C

Figure 6 The equilibrium concentrations Na™ (C°) and C1~ (C5°) in the blood as func-
tions of NaCl concentration c¢ in the dialysate for the simple example in Section 4.1.3.

The equations are as follows:

(CY° =)+ E'(CY° +¢) = 0, (4.7)
C(1+E) = 0, (4.8)
(C° —c) — E’(C3 +c¢) = 0, (4.9)
cP -1 = 0, (4.10)
% 40— C°—CF = 0, (4.11)

where E' = ¢E/kpT.

From (4.8) either ' = —1 or C9° = 0. The former is ruled out by (4.7), since this
equation could then only be satisfied if ¢ = 0. Hence C5° = 0. We can then eliminate E’
between (4.7) and (4.9) to obtain a pair of equations for C° and C5°:

oo oo
Or—e _ G-c (4.12)
C +c C3° +c
Cyr = 1+C5°. (4.13)

The solution for CT° and C$° in terms of ¢ is now straightforward:

V1+4c2 +1
o = % (4.14)

VITiZ -1
o = % (4.15)

These results are plotted as functions of ¢ in Figure 6.

However, we are more interested in choosing a dialysate concentration ¢ in order to
obtain optimal values for C° and C$°. If we choose values consistent with (4.13) — necessary
to ensure electro-neutrality — the value of ¢ can be computed by solving (4.12). This yields:

= /CXCP. (4.16)
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So if we wish to obtain C° = 100 (so Natlevels are unaffected) and C§° = 99 (to maintain
electro-neutrality after the loss of KT), we should set the dialysate concentration of NaCl
to be

¢ =30v11 ~ 99.50. (4.17)

4.2 Argument for using a 1D model. Consider a small length dx of tube that has

a concentration drop ACY from the centre to the boundary. The average radial concen-

tration gradient is ACy /7. If we assume advection transport of solute is small compared

to diffusion, then the mass flux of solute due to diffusion at the boundary approximately
equals

AG (27ridx) = Q= DAC1

Tt Tt

D

(27ry), (4.18)

where @ is the mass flux per unit length of tube. The number of pores in that section
of boundary is ¢p,(27r¢)dx /Ay, and therefore the number of pores per unit length equals
¢p(2mr)/Ap, meaning that we may obtain a second equation for @

ACQ ¢p(27'("l”t) ACQ

Q=D A, =D Op(27m1y), (4.19)
lp Ap lp
where AC5 is the concentration drop along a pore. Relating the two expressions for @,
A01 ¢prt
— =" =0.02 4.20

which would suggest that most of the concentration drop takes place across the membrane.
Therefore we propose to use a 1D model when transport from advection is small compared
to diffusive transport.

4.3 One-dimensional steady model. The above assumption motivates a model in
one dimension, in which the concentration profile of a single charged species varies in the
axial direction along the tubes and along the dialysate, but not significantly in the radial
direction. We consider the model depicted in Figure 7. We use a one-dimensional model
and assume the flow and the concentration profiles are steady. We also make the simpli-
fying assumption that the velocities of blood and dialysate, U, and Uy, respectively, are
independent of . This is reasonable since the filtration rate is small compared to the fluxes
of blood and dialysate (Q,/Qy ~ 1/24 and Q,/Q4 = 1/48). Table 2 suggests that the
pressure drop, and hence the velocity of the blood in the pores, varies by around 20% along
the length, but for simplicity we assume here that the average velocities are constant along
the tubes.

In the blood we analyse a control volume consisting of a section of one tube of length dx,
as shown in Figure 7. We balance the solute flux across each of the surfaces. The flux along
the tube into the control volume is AU, Cy (), where Ay; is the internal area of the tube and
Cp is the species concentration. The flux out of the control volume along the tube equals
A UpCy(x+92). To find the flux across the curved surface of the control volume, we find the
number of pores, which equals the surface area, 27wridx, multiplied by the number of pores
per unit area, nypuq = Np/As, and then multiply by the flux per pore. The dimensionless
flux is given by the expression (), appearing in (2.29), and the corresponding dimensional
flux is given by A,U,Q,/Pe,. Since we are interested in the concentration of a single
charged species under electrically neutral conditions, the quantities o, and o4 appearing
in (2.29) are directly proportional to C, and Cy in this section. Thus the flux through
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Figure 7 Schematic view of one-dimensional model, showing one tube of the dialyzer with
porous walls. It is filled with blood and surrounded by dialysate.

the curved surface of the control volume equals 277, N, A,U, Qs d2/(Pe,As). Balancing the
fluxes into and out of the control volume and taking the limit as dx — 0, we obtain
0C, _ 2mriNpApUpQo

ox N PepASAti Ub

(4.21)

Unlike the blood, which is partitioned by the tubes, the region occupied by the dialysate
is connected, so to analyse the concentration in the dialysate, we consider a control volume
containing all of the dialysate between z and z + dx. This is a cylindrical region with
Ny cylindrical holes in it. The flux into the control volume through the surface at x is
(1 — ¢)AqUaCh(x), the flux through = + dx equals (1 — ¢¢) AgUqCh(z + dx), and the flux
from the tubes equals 2wr Ny N, A U, Qo 0x/(PepAs), meaning we obtain:

aCd 27T7”tNthApUpQg

= — . 4.22
Ox Pe,As(1 — ¢)AqUqg (422)
Substituting the expression for @ from (2.29), (4.21) and (4.22) become
A e — 4.2
e~ (P & G Ca)s (4.23)
¢@__ e — 4.24
P2~ (P ¢ TG Ca)s (4.24)
where
21 Ny AUy . Ni Ay Uy
=———=0043m™ ", K=-—————— ~0.50, 4.25
AsAuUy (1 —¢1)AaUa (4.25)

Pe,~ 18, lgj~0.2m. (4.26)
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Figure 8 Concentration profiles in the blood (solid) and in the dialysate (dashed).
Table 8 Typical removal rates predicted by the model.
Solute Normal Pre- Dialysate | Diffusion | Removal Mass
conc. dialysis conc. coefficient rate removed
conc. (normal-
(mEq) [15] | (mEq) [15] | (mEq) [15] | (w%/s) | (molfs) | ised)
Sodium 142 142 133 2x107Y [11x107% 0.78
Potassium 5 7 1 2x107Y [6.2x10°77 0.04
Urea 21 mg/ml 200 0 1.8 x 1077 [ 1.4 x 1072° 1
These have solution
Pe —yx -1
e P Cho — Cyo) e 7% — kCpoe 7' + Cyg
Cy = ( ]26 — , (4.27)
e — reT Tl
Perer . — —vx Pepor o — kChnePer—7la
c, = k(e PCho — Cap) e 7% + e ?Cyp — KCioe ’ (4.28)

ePer — kel

where
A (eP er — H)
v= (ePep _ 1) :
This is plotted in Figure 8 for sodium, potassium and urea, assuming that each species
appears individually in solution. As can be seen, the concentration profiles show a near
linear variation over the lengthscale of the dialyzer.
The total flux of the solute out of the blood is
Qs /ld ApUan dr — APU;D [1 B e_yld] (epepCbO - CdO)
o Pey AePer — 1) [ePer — ke ]
Removal rates are listed in Table 4.3
We may also calculate the ratio of advective to diffusive effects on both sides of the
membrane, which is shown in Figure 9. This shows that advection is much more important
than diffusion, particularly for sodium.

(4.29)
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Figure 9 Ratio of advective to diffusive transport at either end (solid — blood, dashed —
dialysate) of the pore for the concentration profiles displayed in Figure 8, see Section 2 for
details of the calculation.

5 Conclusions

We have investigated the transport of charged species over a variety of length scales.
Firstly, we considered the transport of species through a single pore in the membrane that
separates the blood from the dialysate. In the case when electro-neutrality holds, the volu-
metric flow rate remains constant, but depends in general on the local hydraulic and osmotic
pressures and on the local electric potential. The electric potential, a streaming potential,
depends only on the local solution conductivity if the Péclet numbers are identical for all
species. Formally, the classic membrane relations discussed in [2] are reproduced in our anal-
ysis in this limit, but the coefficients depend nonlinearly on the solute concentration and
electric potenial. In the case when electro-neutrality is weakened, there are two approaches
in modeling. The first, and classical, approach is to model the charge in the membrane as
a (-potential, and prescribe this potential as a Dirichlet boundary condition along the pore
wall. Our approach here considers the case of the membrane acting as a pure dielectric. In
this case, we find a nonlinear eigenvalue problem for the potential, where the eigenvalue is
the ratio of the pore radius to the Debye length scale.

Secondly, we considered the flow of plasma from the blood to the dialysate assuming
that concentration effects were negligible. We found that the pressure difference across the
dialysate decays exponentially over space, with the decay rate depending on the permeability
of the membrane. Although limited to looking at the plasma effects, this model forms a
foundation for developing the net charge transport across the membrane, since the solute
available to cross into the dialysate is found in the plasma. Further, extensions to this
model that include solute transport from the blood cells to the plasma could potentially be
implemented with a local analysis of the osmotic transport across the cell wall. Although
work for the future, one potential result from such a local analysis would be an effective
diffusion coefficient which depends on the local blood cell concentration.

Finally, we investigated the case where the solute distribution was independent of the
radial dimension. This case is appropriate if diffusive transport across the membrane is
dominant over advective transport. We find that in this case, advective transport appears
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to be dominant only for the case of sodium. Since advective transport is dominant for
sodium, the concentration depends not only on the axial coordinate but also on the radial
coordinate, suggesting that a boundary-layer approach is needed.
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