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ABSTRACT

Key factors in the process of drug delivery in the human brain are blood-brain barrier, drug dis-
tribution and drug binding kinetics. Since human brain is entirely unavailable for experimenta-
tion, mathematical models have become vital for improved visualization of how each of the key
factors affects the delivery of drugs in the the human brain. In this study, a 3-dimensional math-
ematical model that incorporates drug transport across the blood-brain barrier, binding kinetics
and drug distribution within the brain extracellular fluid with a bidirectional bulk flow of the
brain extracellular fluid was developed and simulated. The model was developed assuming a
cube volume of a brain unit that is a union of the blood-brain barrier, brain extracellular fluid and
the blood plasma sub-domains. The model includes a set of partial differential equations and
boundary conditions that characterize the processes in the specified sub-domains. To determine
the effect of drug binding kinetics, the model equations together with their prescribed boundary
conditions were discretized by employing the finite difference method implicit schemes and the
model was analysed and simulated using MATLAB coding. Effects of drug binding kinetics
were investigated by varying the binding parameter values for both specific and non-specific
binding sites. All variations of binding parameter values were discussed and the results show
the improved visualization of the effect of binding kinetics in drug distribution within the brain.
For more realistic visualization, it was suggested to integrate more brain components that make

up the large volume of the brain tissue.
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Study

For many years, drug distribution for effective treatments within animal bodies has been a very
challenging issue in the field of health sciences, specifically in pharmacological studies. The
distribution of drug is simply a mechanism by which the drug compounds are distributed from
the bloodstream to different body compartments, especially where their therapeutic effect is
required (Paul, 2019; Vendel et al., 2020). Once a drug is absorbed into the bloodstream, it is
taken by the blood to different areas of the body which are organs and tissues. Drug distribution
within animal bodies is a crucial process which results into exposing the targeted sites to the
drug. Besides, drugs can only induce their therapeutic effects if they properly associate with the

molecular targets within the body (Vendel et al., 2020).

When the drug is administered into the brain, it is typically distributed variably due to various
factors such as; blood perfusion, permeability of the blood-brain barrier (BBB), diffusion, the
bulk flow of the brain extracellular fluid (ECF), metabolism and drug binding (Sim, 2015).
Moreover, compounds of drug have the tendency of attaching themselves to their binding targets
which are mainly the brain tissue components. Therefore, the drug concentration in the blood
may considerably differ from that in the brain, also local differences in drug concentration-
time profiles within the brain may grow. The local concentration-time profiles in the brain are
very significant, as the effect of the drug is motored by the concentration—time profile at its
binding sites. It is therefore necessary to consider the binding kinetics in drug distribution as
this component describes the changes of concentration in a free drug and free binding targets in

drug distribution process (Sykes et al., 2019).

Blood separates from the brain by a semi-permeable border known as the BBB. The BBB is
made of the endothelial cells situated in the brain that is made up of neighboring capillary cells.
The narrow intercellular spaces of these cells tend to restrict the intercellular diffusion (Hladky
& Barrand, 2016). Besides, molecular particles located in the endothelial capillary cells affect
the drug transport across the BBB. These molecular particles move from the blood to the brain
and vice-versa. Thus, drug concentration in the brain may significantly vary from concentration

in the blood (Pardridge, 2016).



Drug compounds need to be passed on to specific targets in enough amounts and continuance
so that they sufficiently act together with the binding targets and evoke the expected effect. As
a result, numerical understanding is greatly needed on binding positions and binding kinetics
in the brain for suitable prediction of a drug effect (Vendel et al., 2019b). The human brain is
solely unavailable for experiments. Moreover, the instant measuring of the distribution of the
drug within the brain space is highly limited, as a result an extreme restriction is imposed on
measuring concentration-time profile of a drug. In this particular case, a mathematical model
becomes a very useful and facilitative tool for adequately forecasting the distribution of the drug
in the brain and more significantly to depict and gain insights about the impact of processes that
influence distribution of the drug, especially those that occur within the brain (Vendel et al.,

2019b).

Several studies on drug distribution within the brain have been recently conducted to study how
different factors influence the prediction of drug distribution within the brain. A 2-dimensional
mathematical model developed by Vendel et al. (2019a) was used to study the improved pre-
diction of local drug distribution profiles within the brain. Furthermore, another 3-dimensional
model by Vendel et al. (2020) was developed to further improve the prediction of drug dis-
tribution within the brain. Despite accommodating the key components involved in the drug
distribution within the brain, both 2-dimensional and 3-dimensional models considered only
one-direction of the bulk flow of the brain ECF leading to limited visualization of drug distri-

bution within the brain.

Consequently, this study aim was to formulate a 3-dimensional mathematical model, to study
the effect of the binding kinetics in the distribution of a drug when integrated with drug transport
across the BBB and the distribution within the brain ECF while considering the bidirectional

bulk flow of the brain ECF.

1.2 Statement of the Problem

When the drug is taken, either by injection or via other drug administration routes, its distribu-
tion in the brain involves a number of processes and factors such as the BBB, drug distribution,
metabolism, bulk flow of the ECF, bulk flow of cerebrospinal fluid (CSF) as well as the drug
binding kinetics. Out of the above outlined processes and factors, the key components involved

in the distribution of drug in the brain are the BBB, drug distribution and the drug binding kinet-



ics. Because of the unavailability of the human brain for experimental purposes, and the current
limits in the instant measuring of drug distribution in the brain space (Vendel et al., 2019b),
there was a need for a model which accommodates the BBB, drug distribution within the brain

ECF, drug binding kinetics as well as the bidirectional bulk flow of the brain ECF.

Though current studies reveal that many models include the important factors affecting drug
distribution within the brain, a very few of them explicitly describe drug binding kinetics and
a few studies address the distinction between specific and non-specific binding (Vendel et al.,
2019b). The models take into account key processes of drug distribution, such as diffusion, the
brain ECF bulk flow, and drug efflux to the brain capillaries and metabolism but, there is no
model that integrates all these key components while considering a bidirectional bulk move-
ment of the brain ECF. Moreover, there is no existing 3-dimensional model that simultaneously
incorporates all the following key components i.e. the distribution across the BBB, the drug
distribution within the brain and the drug binding kinetics taking into account the bidirectional

bulk movement of the brain ECF.

It was thus deemed important to study the fate of a drug after it crosses the BBB, as many
processes within the brain can affect the drug concentration and thereby influence its effect.
As a result, this present study proposed a 3-dimensional model that integrates all the three
components (distribution across the BBB, the binding kinetics, and the distribution within the
brain ECF with a bidirectional bulk movement of the brain ECF) which are necessary for more

accurate prediction of drug distribution within the brain.

1.3 Rationale of the Study

This study has provided useful information about drug distribution process in the brain, particu-
larly the impact imposed on drug distribution by various factors involved in the whole process.
The process is affected by several factors such as drug distribution in the brain ECF, binding
kinetics, transport across the BBB, metabolism and bulk flow of the brain ECF. Limited knowl-
edge on how the drug distributes within the brain poses a big challenge in accurately predicting
the distribution of drug within the brain. Therefore, this study aimed to develop a model which
will give improved visualization of how the drug distributes in the brain, thus rendering useful

insights about drug distribution in the brain.



1.4 Research Objectives

1.4.1 General Objective

To study the effect of binding kinetics using a 3-dimensional mathematical model that incorpo-

rates the BBB, binding kinetics and drug distribution in the brain.

1.4.2 Specific Objectives

The specific objectives of this study are:

(1) To develop a 3-dimensional mathematical model that incorporates the BBB together

with binding kinetics and drug distribution within the brain ECF.

(i1) To determine the effect of the integrated binding kinetics in predicting drug distribution

in the brain.

1.5 Research Questions

The study is guided by the following questions:

(1) Can the Differential Equations (DEs) be used to adequately develop a 3-dimensional
model that integrates the BBB, a bidirectional bulk movement of the brain ECF in drug

distribution and the drug binding kinetics?

(11) How significant is the influence of drug binding kinetics in the distribution of the drug

in the brain?

1.6 Significance of the study

The results of this study put emphasis on the importance of drug bindings for improved predic-
tions of drug concentration in drug distribution within the brain. Also, the results might help
in giving light to pharmacologists and drug manufacturing industries on the impact of factors
involved in drug distribution process. Last but not least, this study serves as a road map for

further research in the pharmacology field.



1.7 Delineation of the Study

The study focused on drug distribution within the brain. In this study, the drug transport across
the BBB, drug binding kinetics and the drug distribution in the brain ECF were considered as
the key components involved in drug distribution. The formulated model of this study aimed
at determining the effect of binding kinetics in drug distribution through integrating all the
mentioned key components involved in drug distribution, while considering bidirectional bulk

movement in the ECF.



CHAPTER TWO

LITERATURE REVIEW

2.1 Distribution of Drug within the Brain

Drug distribution process within human bodies, particularly in the brain is one of the major
challenging issues in the field of pharmacology as it involves different complex components
that govern the drug concentration-time profiles. The key complex components are such as;
drug transport across the BBB, the distribution of the drug within the brain ECF as well as the
binding kinetics of the drug (Vendel et al., 2019b).

Since pharmacology field is one of the rapidly growing areas of interests for researchers, nu-
merous studies have been conducted pertaining the drug distribution process within the brain
which involves transport of drug across the BBB, distribution of drug within the brain ECF as
well as the binding kinetics, also some models that describe the drug distribution process have

been developed.

2.1.1 Transport of Drug across the Blood Brain Barrier

The transport of drug compounds from the blood into the brain is highly controlled by the
semipermeable border of the brain known as the BBB whose main function is to split-up blood
from the brain (Sweeney et al., 2019). The BBB is made of the brain capillary endothelial
cells (BCECs) that make up the brain capillaries. The BCECs make a co-operating complex
with astrocytes and pericytes to serve a purpose of maintaining the brain homeostasis as well
as selectively regulating the transport of nutrients and solutes carried by blood into the brain
parenchyma. Also, the BCECs mostly depend on the intercellular interaction with the brain

astrocytes and pericytes for its functions and maturation (Upadhyay, 2014).

For the BBB operating cells, the astrocytes are the glial family members that network with neu-
rons and other cells of the brain like endothelial cells and microglia by either direct or indirect
means or both via the exchange of soluble particles (Langhoff et al., 2018). The astrocytes,
also known as the supportive cells link with neurons and pericytes resulting into the formation
of the neurovascular unit which is actually the barrier of the brain (Hawkins & Davis, 2005).

Considering the nature of the drug, the transport of drug compounds may be more restricted or



less restricted to pass across the BBB. The multi-protein complexes called tight junctions are
situated between the neighboring brain capillary endothelial cells that result into closing up the
intercellular space, and therefore restricting the intercellular diffusion. Additionally, the ability
of the drug to pass across the BBB largely depends on both the biological features such as trans-
porters and enzymes, as well as the drug compounds physicochemical properties like molecular

weight, lipophilicity and hydrogen bonding capacity (Barar et al., 2016).

Nearly all drugs move into the brain from the blood after slipping through the BBB. The trans-
port of drug compounds across the BBB may occur in two possible ways, which is either pas-
sive or active transport, and all these transport mechanisms demand different modeling ap-
proaches (Vendel et al., 2019b). In 2014, an explanation for passive transport across the BBB
was provided, that this transport aspect exhibits a bidirectional movement of drug compounds
i.e. transport from the blood to the brain ECF and from the brain ECF to the blood. In this case
the passive flux of drug through the BBB between the brain ECF and blood plasma is bidirec-
tional and perpendicular to the BBB. Furthermore, it depends on the permeability of the BBB
as well as the concentration change in the plasma of blood and brain ECF (Nhan e? al., 2014).
However, an assumption is made that the width of the BBB tight junction is considered being
equal to the diffusing drug through the BBB via the intercellular spaces for passive permeability
in passive transport. Therefore, ignoring the tortuous shape of the BBB tight junctions result

into underestimating the actual distance travelled by the diffusing drug (Nhan et al., 2014).

Unlike the passive transport, active transport across the BBB exhibits the unidirectional move-
ment of molecules from the blood to the brain. In this type of transport, the total flux in active
transport across the BBB is as similarly described as in passive transport across the BBB and
thus result into disregarding of unidirectional movement of molecules in the active transport
across the BBB (Vendel et al., 2019b). Moreover, the total flux of the drug active transport
largely depends on the affinity of a drug for both, in and out of the brain (Yamamoto et al.,
2017). However, the active transport is generally assumed to function as stated by Michaelis-
Menten kinetics (Syvénen et al., 2006; Westerhout et al., 2013, 2014). Since, the BBB acts as
the main barrier of the brain that separates blood from the brain ECF, the drug concentration-
time profile in the blood may significantly differ from that in the brain (Hladky & Barrand,
2016).



2.1.2 Drug Distribution within the Brain Extracellular Fluid

The drug within a brain is subjected to both drug diffusion into the brain ECF and bulk flow
of the brain ECF after it passes across the BBB (Vendel et al., 2020). In the brain ECF, drug
diffusion is constrained by the obstruction imposed by the substances and/or cells found within
the brain ECF which result into a phenomenon known as tortuosity (Sykova & Nicholson,
2008). Tortuosity is a diffusion property whereby diffusion is hindered by factors such as spaces
occupied by brain cells as well as extracellular matrix. Furthermore, this property differs for
different drugs due to their differences in size, drug deformability as well as specific interactions

of the drug with the extracellular matrix (Vendel et al., 2019b).

In the year 1956, Einstein provided an equation that he used to describe molecular movement in
liquid medium, in line with that, the equation is commonly used in various models to describe
the movement of a compound through a medium like the brain ECF by diffusion process (Ein-
stein, 1905). Since the brain ECF has a complex structure, it turns-out that the diffusion of drug
molecules via the brain ECF is lessened due to various factors like the hindrance imposed by the
brain cells (tortuosity) and volume fraction of the brain ECF. Hence this leads to the situation
whereby the effective diffusion within the brain ECF becomes different from the one in a nor-
mal medium such as water. However, in 2019 Vendel suggested that in order to account for the
complex intertwined structure of the brain, the diffusion equation needs to further be fine-tuned
through taking into account the tortuosity and the brain ECF volume fraction (Vendel et al.,

2019a).

In spite of all the massive work that has been done on modeling the diffusion of drug molecules
through the brain ECF, the most recent study done in 2020 by Lange reveals that in a 3-
dimensional brain unit only a one dimensional bulk flow of the brain ECF is assumed which
limits the visualization of the drug bound to either specific or non-specific binding targets. As
a result, the mentioned situation demands a 3-dimensional model with at least two-dimensional

bulk flow of the brain ECF (Vendel et al., 2020).

2.1.3 Drug Binding Kinetics

The binding of drug compounds to either specific or non-specific targets is one of the key
determinants of the effect induced to the body by the drug. It basically refers to how speedy

the drug compounds associate with its targeted sites as well as how it dissociates from it. Thus,



this phenomenon is in fact concerned with measuring of two kinds of rates; the on-rate and the

off-rate (Clarelli et al., 2020).

Although drug binding kinetics is an essential component in the entire process of drug distri-
bution; this component has not been significantly considered in some studies due to different
reasons. Piet van der Graaf, a systems biology professor from University of Leiden claims that
measuring the on-rate/off-rate used to be a torturous and long process (Owens, 2007). This is
the reason why up to the early of 21st century, most pharmaceutical companies could not screen
for the on-rate and off-rate due to the lengthy and expensive screening process. This situation
triggered different modeling approaches to study how binding kinetics of the drug influences

drug effect in its binding sites (Owens, 2007).

In 2017, a study was conducted on the influence of drug distribution and drug-target binding on
target occupancy. The study used the steady-state approximation and rate-limiting step approx-
imation approaches to investigate the influence of binding kinetics of the target of drug. The
study revealed that even though both approaches demonstrate the significance of high target
concentration and drug rate of association on the binding sites, the rate-limiting approximation
is more accurate compared to steady-state approximation specifically when the dissociation rate

is faster than association rate (de Witte et al., 2017).

In 2018, another study was done concerning modeling the delay between pharmacokinetics and
electroencephalogram (EEQG) effects of morphine in rats, comparing binding kinetics and com-
partment models. The study aimed at exploring when to use the drug-target binding model in-
stead of the effect compartment model through testing the usefulness of three different models;
the effect compartment, target-binding kinetics as well as the combined effect compartment-
target binding kinetics models. The test on all these models was done particularly on plasma,
and/or brain extracellular fluid morphine concentrations and EEG amplitude in rats. Although
all three models performed the same in describing the morphine pharmacodynamics, the effect
compartment model provided the best statistical result. Additionally, the study claims that, since
the target binding model can be learned via in vitro measurements of the rates of association
and dissociation, a target binding model should then be more often taken into account for aiding

mechanistic modeling (de Witte et al., 2018).



2.2 Research Gap

Although many studies have been conducted in the recent years regarding the distribution of
drug within the brain, much is still uncovered concerning the effect of drug binding kinetics
within the brain. Moreover, the current 2-dimensional models for drug distribution within the
brain don’t adequately describe the effect of drug binding kinetics. Also, the currently available
3-dimensional models have a unidirectional bulk flow of the brain ECF. This therefore called
for developing a 3-dimensional model with a bidirectional bulk flow of the brain ECF that has
provided improved visualization of drug concentrations. This has also assisted in gaining more
insights about how the drug passes on into and within the brain so as to further enhance the
adequate prediction of the effect of a drug that binds to both specific and non-specific binding

targets.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Study Area and Scope of the Research

For many years, drug distribution for effective treatments within animal bodies has been a very
challenging issue in the field of health sciences, particularly in pharmacology. Consequently,
this challenge leads to the difficulties in developing drugs that bind to the targeted sites, espe-

cially in the brain.

There is a great demand of the significant knowledge about key components or processes in-
volved in drug distribution process, especially the ones that control the concentration-time pro-
files of a drug within the brain. Some studies have been conducted on the processes that affect
the drug distribution process in the brain. They include studies concerning drug transport across
the BBB, bulk flow of the brain ECF, drug diffusion through the brain ECF, extra-intracellular
exchange as well as bulk flow of CSE. However, there are few studies that explicitly describe the
effect of binding kinetics when incorporated with other key components (Vendel et al., 2019b).
Moreover, the most recent 3D model limits the visualization due to the fact that it only considers

one dimensional bulk flow of the brain’s ECF (Vendel et al., 2019b).

This study aim was to develop a new model for a 3-dimensional brain tissue unit that incorpo-
rates the drug transport across the BBB, drug transport in the brain ECF and the binding kinetics
of the drug. Moreover, the model took into account the two-dimensional bulk flow of the brain

ECEF to lead to the improved visualization of local drug distribution in the brain.

3.2 Data Collection Methods

Secondary data were collected from different literature from which a range of parameter values
of the model are found. However, the kinetic parameters pertaining to non-specific binding
i.e. BY, ko, and Faors are chosen on the basis of an assumption that drug binding to specific

binding sites is stronger than drug binding to non-specific binding sites.
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3.3 Model Development

3.3.1

Model Assumptions

The model was developed on the basis of the following assumptions:

@

(ii)

(111)

(iv)

v)

(vi)

(vii)

(viii)

(ix)

The concentration of drug in the plasma of blood is defined as a function of both ab-
sorption rate and elimination rate into and from the blood plasma. In this case, the drug

is assumed to be orally administered into the body.

The drug is carried into 3-dimensional brain unit by a supplying arteriole and exits via

a draining venule, see Fig. 1(a).

The drug goes into the brain unit in the domain W,,, and exits in the domain W, see

Fig. 1(b).
The blood flow in brain capillaries is directed away from W,.

Diffusion within the blood plasma is negligible compared to the brain capillary blood
flow hence drug is transported entirely through the brain capillaries by the brain capillary

blood flow.

The brain capillaries are all equal in size and surface area. Additionally, it was further
assumed that the volume of the incoming arteriole is the same as the volume of the
three outgoing brain capillaries it links to and that the volume of the outgoing venule
equals the volume of the three incoming brain capillaries it links to. As a result, the
total volume of incoming blood conduits equals the total volume of the outgoing blood
conduits at each vertex, while the brain capillary blood flow velocity is by default equal

in all brain capillaries.

The whole drug within the blood plasma is in an unbound state, thus it can pass across
the BBB. Furthermore, the exchange of drug between the blood plasma and the brain
ECF is depicted through both passive and active transport across the BBB in both direc-

tions.
Drug within the brain ECF is transported by both diffusion and the brain ECF bulk flow.

Tortuosity is taken into consideration in order to account for the hindrance on diffusion

imposed by the brain cells.
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(x)

(xi)

(xii)

(xiii)

(xiv)

Rectangular cartesian coordinate system is used to indicate the direction of the brain
ECF bulk flow. The brain ECF bulk flow is bidirectional. It is directed in the x-direction
and z-direction, see Fig. 1(c). Additionally, both the x-directed and z-directed bulk flows

of the brain ECF are assumed to be the same.

The whole drug is distributed within the brain ECF and available at the extracellular

binding sites.

The drug binding is reversible in such a way that total concentration of a drug in specific

and non-specific binding sites is constant.

The specific and non-specific targets are evenly distributed over a 3-dimensional brain

unit and fixed.

The specific and non-specific binding sites lie on the outside of cells and the drug does

not have to cross cell membranes in order to bind to the binding sites.

The above assumptions were made to indicate properties of the human brain, drug-related prop-

erties as well as the processes involved in drug distribution within the brain (Vendel et al.,

2020).

Consider the following figures for reference;

Wou Wt

Venle | ' l

Arteriale I

——
E

(a) (b) (c)

Figure 1: 3-dimensional Brain unit domain, indicating W,,,, W, domains and bulk flow

directions
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3.3.2 Description of 3 Dimensional Brain Unit

The model developed in this work considered a 3-dimensional brain unit as its domain, which

is defined as:
W= {(W:ma Wyi7 sz) S ]R3|O S Wxi S Xr A O S Wyi S Yr A0 S Wzi S Zr} (1)

Whereby z,, v, and z, stand for the length of one unit of the brain capillary, given by
leap + 27 with [, as the inter-capillary distance and r is the radius of brain capillary.
Additionally, x-directed, y-directed and z-directed brain capillaries are the sets defined as

{Wai, 1 =1,..,4}, {W,,, i =1,...,4} and {W;, i = 1, ..., 4} respectively.

Since the brain capillaries, BBB, and ECF are found in the brain then they are the subsets of
one unit of the brain (Vendel et al., 2020). That is, W, C W, Wggp C Wand Wgcrp C W.

Therefore, the domain of a 3-dimensional brain unit can be defined as:

W =W,UWgppUWgcr )

3.3.3 Demonstration of Drug Distribution in Blood Plasma Domain, 1V,

According to assumption 3.3.2(1)., the drug is assumed to be orally administered. Thus, the
concentration of unbound drug within W, is expressed by the Equation 3:

F.Dose. K,

pw(t)w,, = m( SR

—e ) 3)

Whereby, [ is the drug bioavailability, x4 is the drug concentration within the blood plasma,
Dose is the orally delivered drug concentration, Vj is the distribution volume that relates the
drug concentration in the blood plasma with the total drug amount in the body , K, and K, are

the drug absorption and elimination constants respectively.

Moreover, according to assumptions 3.3.2(iv) and 3.3.2(v), the Equations governing the motion

of drug concentration in blood plasma reduce to Equations 4:

Q

a .
9 = Ublood gy b € Wi, Vili = 1, 4.

o)

B ou -
9t — Vblood g, s b € Wy, Vili =1, ...,4.

“4)

b ou -
9t = “Ublood 3,1 M € Wzi,vi‘l =1, .4

Q
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The associated initial condition is:

u(w,y,z,t:O)ZO (5)

Where, vp004 is the blood flow velocity in the brain capillaries. W,;, W, and W, V;|i = 1,...,4

represent the directions of brain capillaries in x, y and z direction respectively.

3.3.4 Description of Drug Distribution in Brain ECF Domain, W p

Also, based on assumptions 3.3.2(viii) to 3.3.2(xiv), the distribution of both bound and unbound

drug within Wgep is described by the Equations 6, 7 and 8:

dp D dp  Op 0 0

5% FVQP—UECF(%-F&)—MWP(B’{ '—By)+kiopr Bi—koonp(BY — Ba)+ Kooy Ba (6)
0B
a—tl = kionp(BY — By) — k1051 By (7)
0B
a_f = koonp(BY* — By) — Kooy Ba (8)

The associated initial conditions are:

p(‘T?yaZ7t:0) =0 (9)

And;
Bi(z,y,z,t=0)=0, V;|i =1,2 (10)

Whereby, D is the diffusion coefficient in a free medium, A is the tortuosity, p is the con-
centration of drug in the brain ECF, vgcp is the (x-directed and z-directed) brain ECF bulk
flow (Vendel et al., 2019b). Furthermore, B; and B, are the concentrations of drug bound to
both specific binding and non-specific binding sites respectively, B’ and BL" are the total
concentrations of specific binding and non-specific binding sites within the brain ECF respec-
tively (Vendel et al., 2019a). Also, ki,, and ks, are the association rate constant for both
specific binding and non-specific binding respectively. Where, k1,7 and ko, s are the dissocia-

tion rate constant for both specific and non-specific binding respectively (Vendel et al., 2019a).

3.3.5 Boundary Conditions

The system of Equations 3, 4, 6, 7 and 8 along with their associated initial conditions 5, 9 and 10
form a mathematical model for this study. All of these Equations describe the process of drug

distribution over different subdomains within a 3-dimensional brain unit domain.

15



In order to adequately solve the model Equations, it is important to specify realistic boundary
conditions for this model. The boundaries are; the faces of the brain unit, the interface between
the brain capillaries domain (1) and the brain ECF domain (Wgcp) ie. at x = r and x =

x, — 1 (see Fig. 2).

-
Brain ECF T

11

T I Active transport
-

ool hirain Danier

Blood flow

Figure 2: Drug exchange between W, and Wgcr

(1) Drug exchange between 17, and Wrcp

The diffusion of a drug from the blood plasma into the brain ECF is described as a product of the
difference in concentration of drug between W,,; and Wgcr (it — p), and the BBB permeability
(P). Moreover, the active transport into and out of the brain ECF is modeled through Michaelis-

Menten Kinetics (Syvinen et al., 2006; Bickel, 2005; Westerhout et al., 2013, 2014)

Thus, based on (Vendel et al., 2020), drug transport in and out of the brain is described by

Equation 11:

Tm_m Tm—out
s = P — —+ —
TPy = P = ) g o+ 10" S (Ko + )"
(11)
. Dpara
Wlth; P = ptransftrans + pparafpara Where ppa’ra =
Wpes

Where, pi.qns 18 the permeability across the endothelial cells of brain capillary, f;..,s is the
fraction of the area of endothelial cells of brain capillary, D, is the diffusivity of a drug
across the paracellular space, Wpcg is the breadth of the paracellular space, fp,,, is the fraction
of area of the paracellular space, the maximal rates of active influx and active efflux of drug

are given by 7,,,_;, and T}, _,,; respectively, K, ;, is the concentration of drug where half of
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Tr—in 1s attained, K, ., 1s the concentration of drug where half of 7, ,,; is attained and

S Appp represents the surface area of the BBB (Vendel et al., 2020).

As Fig. 2 indicates, the loss or gain of unbound drug from/into the brain ECF due to the BBB
is described by the boundary conditions given by Equation 12 (Vendel et al., 2019a):

0
D*a_iz_f(’u’p) for (ZL‘,y,Z) € Wggpatx=r
(12)
dp
D*E:f(/hp) for (x,y,2) € Wepp at v =z, —r

Moreover, in view of the brain capillaries domain, the drug transport across the BBB is de-

scribed by Equation 13:

0
D*ﬁ_/::f(’u’p) fOT (x7y7z) € Wgppatx =r
(13)
oy
D*E:_f(l’t?p) for (1:7%3) € Wapgat x =z, —r

D
Where D* = 2 D is effective diffusion coefficient while D is the coefficient of diffusion in

free medium.
Additionally, considering assumption 3.3.2(v) i.e. there’s no diffusion in blood plasma. It fol-
lows that, the system of Equation 14 is used for description of the concentrations at the sides of

3-dimensional brain unit:

8—HJ:0f07"x:Ocmdx:x,,

ox

0]

—M:Ofory:Ocmdy:yr

dy (14)
a—M:()forav:Ocde:zr

0z

Following (Vendel et al., 2020), in this study, the concentration is considered to be zero at the

faces of a 3D brain unit, as given by the Equation 15:

w=0 for Wy, NOW (15)

Furthermore, the conditions at boundaries (Wgcr N OW) are given by Equation 16:
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oz
o . (16)
0z

3.4 Description of Model Parameters

In the current study, properties of the rat brain were used to determine the parameter values. This
choice is made on the basis that most data for this species are available. Nevertheless, the model
is suitably valid for data from human and other species. The brain inter-capillary distance in the
rat is averagely considered to be 50pm , whereby the brain capillary is approximately 2.5um
by radius (Tata & Anderson, 2002). It follows that, the radius of capillaries in the brain, r, was
set to 2.5um and the dimensions of the 3-dimensional brain unit in the directions of x,y and z

to SHum.

Additionally, Equations 4 and 5 are used to describe concentration of the drug in blood plasma
and the associated boundary conditions are described by Equations 13, 14 and 15. We also
describe the concentration of drug within the brain ECF through Equations 6, 7 and 8, the
initial conditions 9 and 10 along with boundary conditions described in Equations 12 and 16.
The parameter values together with their units are given in Table 3.1. The choice of values for
model parameters is based on the findings of different experimental studies while the assumed

parameter values were estimated for numerical simulation purpose.
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Table 3.1: The Model Parameters, Descriptions, Values, and Units

Parameter Description Value[Reference] Unit
F Drug bioavailability 1 (Vendel et al., 2020) -
Dose Concentration of orally

delivered drug 0.5 (Tasso et al., 2008) wmol
Vi Distribution volume 0.2 (Tasso et al., 2008) L
K, Absorption rate constant 2% 10~* (Ball et al., 2014) st
K. Elimination rate constant 5% 107 (Tasso et al., 2008) s71
r Brain capillary radius 2.5 % 1076 (Karbowski, 2011) m
leap Inter-capillary distance 5% 107° (Reichel, 2015) m
Vblood Brain capillary blood

flow rate (0.5 — 50) * 107% (Reichel, 2015)  ms~!
To—in maximum active influx rate 0.1 * 10~ 2(Assumed) pmols™!
Tor—out maximum active efflux rate 0.1 % 10~ '2(Assumed) pmols™?
Ko—in Concentration required

to attain half of T},,_;n 1 % 102 (Vendel et al., 2020) pmol L=1
Ko out Concentration required

to attain half of T},,_;, 1 % 102 (Vendel et al., 2020) pmol L1
D* Effective diffusion 2.5 % 10710 (Nicholson et al., 2000) m?s™!
Vecr Brain ECF bulk flow velocity 0.5 x 106 (Vendel et al., 2020) ms~!
SAppB Surface area of the BBB 0.1 % 10~ 7(Assumed) m?
P BBB permeability 10710 — 107 (Wong et al., 2013)  ms~!
Kion Specific association

rate constant 10~ — 102 (de Witte et al., 2016)  (umolL='s) ™"
koon Non-specific association

rate constant 1076 — 10! (Vendel et al., 2019a)  (umolL~'s)™
kiofr Specific dissociation

rate constant 1076 — 10! (de Witte er al., 2016)  s~!
koor Non-specific dissociation

rate constant 10~% — 102 (Vendel et al., 2019q) s71
Biet Total concentration

on specific binding sites 5 % 1072 (de Witte et al., 2016) pmol L1
Bt Total concentration

on non-specific binding sites 5 * 10! (Vendel et al., 2019a) pmol L1
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Model Results

Drug distribution in the 3-dimensional brain unit is studied by plotting the concentration of drug
in the blood plasma, drug binding sites as well as the brain extracellular fluid for various time
instances. The main focus of the current study is to determine the effect that the binding kinetics
of drug imposes on the distribution of drug in the brain tissue. To determine the effect of drug
binding kinetics, the model Equations 4, 6, 7 and 8 are discretized together with the prescribed
boundary conditions 12, 13, 14 and 16. The discretization is done by using finite difference
method (FDM), particularly the implicit schemes through which the simulation is carried out.
For improved visualization of the effect of drug binding kinetics, drug distribution incorporated
with drug transport across the BBB, binding kinetics of drug and bidirectional bulk flow of the

brain ECF are considered. The parameter values in Table 3.1 are used for simulation.

The blood flow within brain capillaries aids the movement of drug compounds within a 3-
dimensional brain unit. The drug compounds within blood plasma have to cross the BBB for
them to enter the brain ECF. The drug compounds bind either to non-specific or specific binding
targets in the brain ECF. In addition, the effect of binding kinetics is determined by studying
the trends of how the drug distributes in the brain ECF. The drug transport process within the
brain unit is described by Fig. 3(a). Moreover, the cubical lattice (blue) in Fig. 3(b) represents
a piece of 3-dimensional brain tissue within which the brain ECF is found. The cubical lattice
is formed of the network of smaller cubic lattices (red). The arrows indicate the bidirectional
bulk flow of the brain ECF. In the simulations of the current study on how the drug distributes
within the brain ECF, the cubical lattice in Fig. 3(b) is sliced at different positions into three
slices plots such that the effect of binding kinetics and concentration within the brain ECF can

be easily observed at different time levels.
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Figure 3: Drug transport in brain capillaries, active transport across the BBB into the

brain ECF

4.1.1 Drug Distribution in Blood Plasma

The unbound compounds of the drug in the plasma have to pass through the BBB into the
brain ECF where its therapeutic effect is determined. Determining how the drug concentration
distributes along the brain capillaries across the BBB into the brain ECF is firstly done. The
distribution is observed at three different levels of time ¢; = 2sec, t, = 8sec, and t3 = 14sec.
Drug compounds leave the blood plasma domain across the BBB into the brain ECF where the
drug compounds bind to either binding or non-binding sites. The amount of unbound drug from
blood plasma into the brain ECF is slightly affected by the permeability of BBB, P and blood
flow rate, vy0q. Figures 4 - 7 show how the drug compounds distribute in the blood plasma
when different cases of variations in the blood flow rate, v;,,q and permeability of BBB, P are
considered. The model parameter values for permeability (P = 0.1 * 10~"ms~!) and blood
flow rate (Vpiooq = 1% 10 %ms™1) are initially used in the simulations for Fig. 4 to describe how

the drug distributes along brain capillaries into the brain ECF.

The plots in Fig. 4 show that, the concentration of drug within blood plasma slightly distributes
within brain capillaries in significantly smaller amounts at different time levels for the men-
tioned permeability and blood flow velocity values. However, in Fig. 5 the concentration of
unbound drug within blood plasma appears to become considerably large when the BBB per-
meability and blood rate values are simultaneously increased i.e. (P = 0.5 % 10~"ms~!) and
(Ubtood = 1.5 % 10_6m3_1). This implies that, when the values for both BBB permeability and

blood flow rate are increased simultaneously, the compounds of unbound drug within the blood
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plasma are found to have huge amount as seen in Fig. 5(a). However, as time passes, the drug
distributes further and the concentration within the blood plasma becomes much more lesser
due to elimination to the brain ECF. Thus, the concentration of drug within blood plasma tend
to decrease as shown in Fig. 5(b) and (c). Moreover, in Fig. 5 when the BBB permeability (P)
and blood flow rate (vp00q) are simultaneously increased, the concentration of unbound drug in
blood plasma is as much as a square of the concentration of drug in blood plasma for smaller

values of BBB permeability (P) and blood flow rate (vp,04) in Fig. 4.

Nevertheless, the plots in Fig. 4 exhibits spatial variations in the location of the drug concen-
tration peaks in distribution of drug within the blood plasma at three different time levels. The
variation of drug concentration peak within the blood plasma is initially observed at t; = 2sec
as indicated in Fig. 4(a). The concentration peak in Fig. 4(a) covers a small area contrary to
Fig. 4(b) and (c). When the time increases to t, = 8sec, the concentration peak also spreads a
little wider as shown in Fig. 4(b). Additionally, when the time increases further to t3 = 14sec,
the concentration peak within the blood plasma spread more over the region next to the BBB as

indicated in Fig. 4(c).

Further, determining how the variations in individual parameter values of the BBB permeabil-
ity (P) and blood flow rate (vy00q) respectively affect the distribution of drug within the blood
plasma is done. The variation is done in one parameter value while the other parameter value is
kept constant as shown in Fig. 6 and Fig. 7. Initially, the value for BBB permeability (P) is set
to P = 2% 10759ms~! while the blood flow rate is held constant, vy, = 1% 10 %ms~!. There-

0—5.95

after, the blood flow rate is varied to vpjp0q = 1.1 % 1 ms~! while the BBB permeability is

held constant, P = 0.1 % 10~ "ms ™.

When the BBB permeability increases while blood flow rate is held constant, the concentration
of unbound drug becomes less in the blood plasma. The Fig. 6 shows that, drug concentration
within the blood plasma is slightly distributed in small amounts. Nevertheless, in a case when
the blood flow rate is increased while the BBB permeability is held constant, an increased drug
concentration within the blood plasma is observed as shown in Fig. 7. Moreover, spatial vari-
ations in drug concentration peak in Fig. 6 and Fig. 7 are observed at different time levels. In
Fig. 6(a) and (b), the drug distribution within the blood plasma is approximately the same for
the first two time levels i.e t; = 2sec and t5 = 8sec, however, the distribution of drug tend to

increase in the region next to the BBB as time increases due to the increased permeability as
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shown in Fig. 6(c). Additionally, in Fig. 7(a) the drug distribution within the blood plasma is
observed to be less compared to that observed in Fig. 7(b), but as time goes on, the drug distri-
bution in the blood plasma tends to decrease to a minimal drug concentration due to elimination
of drug from the blood plasma, Fig. 7(c). The plots (a), (b) and (c¢) in Fig. 4 - 7 indicate the
distribution of drug in the blood plasma () for ¢t = 2s,¢ = 8s and ¢ = 14s respectively.
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Figure 5: Drug distribution in blood plasma (1) for Drug distribution in blood plasma

(p) for P = 0.5 * 10~"ms~! and vp1004=1.5 * 10~ 6ms~1!
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Figure 7: Drug distribution in blood plasma (1) for Drug distribution in blood plasma

(p) for P = 0.1 * 10~ "ms~! and vpp0q=1.1 * 10759 ms~1

4.1.2 The Effect of Binding Kinetics in Drug Distribution within a 3 Dimensional Brain
Unit

After crossing the BBB, the drug compounds diffuse into the brain inter-cellular spaces and

distribute throughout the brain ECF via the bulk flow of the brain ECE. However, the distribution

of free drug compounds in the brain ECF is somewhat affected by the binding kinetics of the

drug at their binding targets. Therefore, it’s important to determine how the binding kinetics of

drug affect the drug distribution within the brain.

Both diffusion and bulk flow of a drug result into a substantial amount of drug concentration

within the brain ECF. This maximizes the chances of drug compounds to associate with either
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specific or non-specific binding targets. Moreover, the chance for drug binding kinetics to

induce its effect on drug distribution within the brain ECF becomes higher.

The impact of drug binding kinetics is determined through investigating the trends of distribu-
tion of a free drug within the brain ECF at three distinct time levels ( t; = 2sec, to = 8sec and
t3 = l4sec) when different values for drug association and dissociation rates (k;o, and k¢

respectively,for 7 = 1,2 ) are considered in the simulated plots (see Fig. 8, 11, 14, 17 and 20).

First, a case whereby the model is simulated by fixed parameter values of binding kinetics to see
how the drug distributes within the brain ECF is considered, as indicated in Fig. 8. Thereafter,
simulation for different cases of variations in the binding parameters (see Fig. 11, 14, 17 and

20) are considered to see how the distribution of drug within the brain is affected.

Initially, values for binding kinetics are fixed with ko, = 1 % 107 (umolL=1s)7Y, kyyp =
1x1072(umol L™'s) ™Y, kiopy = 1107257 and kgopp = 1% 10 's™! for Fig. 8. The drug com-
pounds in the region of the brain ECF adjacent to the BBB distribute in huge amounts through-
out the whole region next to the BBB for the first level of time (¢; = 2sec) (see Fig. 8(a)). At the
second time level (¢, = 8sec) as indicated in Fig. 8(b), drug compounds distribute with a slight
decrease in drug concentration within the brain ECF. Figure 8(b) shows that, drug concentration
within the brain ECF decreases over almost the whole region of the brain ECF except a very
few areas where the concentration is a bit higher. However, when the time further increases in
Fig. 8(c), a significant decrease in amount of the drug concentration within the brain ECF is
noticed. Thus, the drug concentration in Fig. 8(b) is less compared to Fig. 8(a) but reasonably
higher compared to the concentration when time increases further to t3 = 14sec as indicated in

Fig. 8(c).

In this case, the association rate in specific binding is the same as the dissociation rate in non-
specific binding sites. Nevertheless, the association rate in non-specific binding is the same
as the dissociation rate in specific binding. The association rate at specific binding sites is
larger compared to that at non-specific sites, hence the drug compounds associates fast with
the specific sites as compared to the non-specific sites. Moreover, the dissociation rate at non-
specific binding sites is larger compared to the one at specific binding sites. This results into
high dissociation of the drug at non-specific binding sites. Therefore, the drug distributes in non-

specific binding sites with slightly large amount of concentration than in specific binding targets,
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(see Fig. 9 and Fig.10). The plots (a), (b) and (c¢) in Fig. 8 indicate the distribution of drug in
the brain ECF (p) for t = 2s,t = 8s and t = 14s respectively. Also, plots (a), (b) and (¢) in
Fig. 9 and Fig.10 indicate the distribution of drug in both specific (B;) and non-specific binding
sites (Bsy) for t = 2s,t = 8s and t = 14s respectively.
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Figure 8: Drug distribution in brain ECF (p) for ki, = 1 x*
107 (umolL='s)™, kaon = 1 % 1072(pmolL™1's)™Y, kiopy =

1%1072s7,and koopp = 1% 107 1s™!

A
Figure 9: Drug distribution in specific binding sites (B;) for ki,, = 1 x
107 (pmolL=1's)™ Y, koo = 1 % 1072(umolL~'s)™, ki = 1 %

10_28_1, and kzoff =1%x10"1s?
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Figure 10: Drug distribution in non-specific binding sites (Bz) for ki,, = 1 x
107 (pmolL=1s)™Y, kaon = 1 x 107 2(pmolL™1s)™1, kiopy = 1 %
10_28_1, and kzo_ff =1%10"1s"!

(i) Impact of varying dissociation rates (%, »,;s) while maintaining association rates

(k1,2on)

The effect of drug binding kinetics, (k;o, and k;,zs,for i = 1, 2), on drug distribution within the
brain with variations in dissociation rates is further assessed. In this particular case the associa-
tion rate of specific binding sites (ki,, = 1% 10~ (umolL=1s)™!) is larger than the association
rate at non-specific binding sites (ka,, = 1% 1072(umolL~'s)~1). Also, the dissociation rate at
non-specific binding sites (kaory = 3 x 107°2s71) is larger than the dissociation rate at specific

binding sites (k1,77 = 5 * 1071s™1).

Initially at (¢; = 2sec), the concentration of drug in the brain ECF region next to the BBB is
found to be considerably large and spread widely over that region (see Fig. 11(a)). Nevertheless,
drug compounds within the brain ECF continue to spread with a slight decrease in concentration
as time increases to (to = 8sec) (see Fig. 11(b)). Moreover, the concentration of drug tends to
diminish to a lesser amount as time increases further to (¢3 = 14sec), as shown in Fig. 11(c).
Thus, in Fig. 11(a) and (b), the concentration of drug within the brain ECF at the first two-time
levels exhibits a gradual decrease over the whole region of the brain ECFE. Additionally, as the
time further increases in Fig. 11(c), the drug concentration within the brain ECF becomes much
more lesser due to absorption within the brain ECF. However, the drug concentration amount in

the brain ECF for both Fig. 8 and 11 are almost the same.

Contrary to when small values of dissociation rates are considered in Fig. 8, the drug compounds
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in Fig. 11 distribute more widely over the brain ECF region due to higher dissociation of drug
compounds. Furthermore, the drug concentration in non-specific binding sites (see Fig. 13) is
slightly more compared to the concentration in the specific binding targets (see Fig. 12). The
plots (a), (b) and (c) in Fig. 11 indicate the distribution of drug in the brain ECF (p) for ¢t = 2s,
t = 8s and t = 14s respectively. Also, plots (a), (b) and (c) in Fig. 12 and Fig. 13 indicate the
distribution of drug in both specific (B;) and non-specific binding sites (Bs) for t = 2s, ¢t = 8s

and t = 14s respectively.
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Figure 11: Drug distribution in brain ECF (p) for ki, = 1 =
107 (umolL='s)™, koo = 1 % 1072(umolL™'s)™, kiopy =

5% 107 's™, and kaopy = 3 % 10702571
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Figure 12: Drug distribution in specific binding sites (B;) for ki,, = 1 x
107 (pmolL=1s)™Y, kaon = 1 x 107 2(pmolL~1's)™1, kiopy = 5 *

1071571, and koppp = 3 % 10702571
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Figure 13: Drug distribution in non-specific binding sites (Bz) for ki,, = 1 x
107 (pmolL=1s)™Y, kaon = 1 x 107 2(pmolL~1s)™1, kiopy = 5 *

1071571, and keopp = 3 % 10702571

(i) Impact of varying association rates (£ »,,) while maintaining dissociation rates

(K1.2077)

The effect of binding kinetics is also observed when the drug association rates are varied. With
varied association rates, the drug compounds within the brain ECF doesn’t spread widely even
though the concentration within the brain ECF is considerably high compared to that in the
binding sites, both specific and non-specific. Moreover, drug concentration in the non-specific

binding sites is significantly large compared to that found in the specific binding sites.

The effect of change in association rates while maintaining the drug dissociation rates is as-
sessed. The association rate in specific binding sites (kyo, = 1% 1072(umolL~'s)™1) is greater
than the one at non-specific binding sites (ko = 1 % 1073(umolL~'s)™!). In addition, the
dissociation rate at the specific binding sites (k1,ry = 1 % 1072571) is less than the one at non-
specific binding sites (k1,7 = 1%107's™1). Simulation results show an increased concentration
amount in non-specific binding sites (see Fig. 16) compared to the specific binding sites (see
Fig. 15). Nevertheless, the distribution of drug concentration in the brain ECF slightly change

with time in considerably small amount.

In addition, spatial variations of the location of drug concentration peak is observed in Fig. 14.
Initially at ¢; = 2sec, the drug concentration peak within the brain ECF is observed in a region
near W, as indicated in Fig. 14(a). Moreover, the concentration peak in Fig. 14(a) covers a

small area unlike in Fig. 14(b) and (c). When the time increases to ¢, = 8sec, the concentration
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peak also spreads a little bit more as shown in Fig. 14(b). Moreover, when the time is further
increased to t3 = l4sec, the concentration peak within the brain ECF spread more over the
region of the brain ECF in the direction of W, as indicated in Fig. 14(c). Thus, the concentra-
tion peaks of drug within the brain ECF are found to cover different locations over the region
when the association rates are altered. In addition, the drug compounds distribute within the
brain ECF with an increasing pattern as time also increases. The plots (a), (b) and (¢) in Fig. 14
indicate the distribution of drug in the brain ECF (p) for t = 2s, t = 8s and t = 14s respec-
tively. Also, plots (a), (b) and (c) in Fig. 15 and Fig. 16 indicate the distribution of drug in both

specific (B;) and non-specific binding sites (Bs) for ¢t = 2s, ¢t = 8s and t = 14s respectively.
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Figure 14: Drug distribution in the brain ECF (p) for ki, = 1 x
107 2(pmolL=1's)™, koo = 1 % 1073(pmolL™'s)™ Y, kiopy =
1% 107 2s7 1, and kappp = 1 % 107 1s™!
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Figure 15: Drug distribution in specific binding sites (B;) for ki,, = 1 x
1072(pmolL=1's)™Y, kaon = 1 % 107 3(pmolL~1s)™1, kiopy = 1 %
10_28_1, and kgoff =1%10"1s7!
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Figure 16: Drug distribution in non-specific binding sites (B:) for ki,, = 1 x
1072(umolL=1's)™, kaon = 1 % 1073(pmolL~'s)™!, kiopy = 1 *
1072s7 ', and koopy = 1 % 107151

(iii) Impact of varying both association and dissociation rates, (k1 2,,) and (k; 2.7f) si-

multaneously

Furthermore, simultaneous variations in both association and dissociation rates effect on the
distribution of drug within the brain ECF is assessed. In Fig. 17, firstly the alteration in both as-
sociation rate and dissociation rates for specific binding sites (k1o = 0.5(umolL~'s)~! and
kiopr = 2 % 107's™! respectively) is done while the association and dissociation rates for

non-specific remain unchanged (kao, = 1 % 107%(umolL™'s)™" and kaoyy = 1 % 1071s7?
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respectively). Thereafter, the association and dissociation rates for non-specific binding sites
are varied with values (ko = 2.5 % 107*(umolL™'s)™! and koppy = 1.5 x 1073571 respec-
tively) while maintaining those for specific binding sites i.e. (k1o = 1(umolL™'s)™! and
kiory = 1% 1072s7! respectively), for Fig. 20. Simulation results for Fig. 17 show that drug
distributes widely within the region of the brain ECF for the first two-time levels (¢ = 2sec and
to = 8sec) with significantly small concentration as indicated by Fig. 17(a) and (b). However,
there is a gradual change in the coverage of drug compounds in Fig. 17(a) and (b) whereby
the drug compounds decrease significantly in relation to an increase in time. Nonetheless, the
results in Fig. 17(c) show a higher decrease in amount of drug compounds within the brain ECF

when the time increases further to ¢35 = 14sec.

Contrarily, the results in Fig. 20 show that, the drug distributes over the brain ECF region
with spatial variations in the location of the concentration peaks. The spatial variations of the
location of drug concentration peak in Fig. 20 is initially observed at ¢t; = 2sec. The drug
concentration peak within the brain ECF at ¢; = 2sec is observed in a region near W, as
indicated in Fig. 20(a). Moreover, the concentration peak in Fig. 20(a) covers a small area
unlike in Fig. 20(b) and (c). When the time increases to to = 8sec, the concentration peak also
spreads a little wider as shown in Fig. 20(b). Additionally, when the time increases further to
ts = l4sec, the concentration peak within the brain ECF spread more over the region of the
brain ECF in the direction of W,,; as indicated in Fig. 20(c). Thus, the concentration peaks
of drug within the brain ECF are found to cover different locations over the region when the
association rates are altered. Moreover, the drug compounds distribute within the brain ECF
with an increasing pattern as time also increases. However, the concentration of drug in Fig. 20

is generally higher than the concentration in Fig. 17.

When the parameters for specific binding are varied, the amount of drug concentration in spe-
cific binding sites (see Fig. 18) is smaller than the concentration in non-specific binding sites
(see Fig. 19). In addition, when parameters for non-specific binding are also varied, the con-
centration of drug in both specific and non-specific binding sites is almost the same as indicated
by Fig. 21 and Fig. 22 respectively. The plots (a), (b) and (c) in Fig. 17 and Fig. 20 indicate
the distribution of drug in the brain ECF (p) for t = 2s,t = 8s and t = 14s respectively. Also,
plots (a), (b) and (c) in Fig. 18, 19, 21 and 22 indicate the distribution of drug in both specific
(B) and non-specific binding sites (Bs) for t = 2s, ¢ = 8s and t = 14s respectively.
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Figure 17: Drug distribution in the brain ECF (p) for ki,
0.5(pmolL='s)™ Y, kaop = 1 % 1072(pmolL~'s)™Y, kioss
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Figure 18: Drug distribution in specific binding sites (B;) for ki,
0.5(umolL™'s)™, keon = 1 % 1072(umolL™'s)™, kiofy
2% 107 's7 ! and koo = 1 % 107 15!
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Figure 19: Drug distribution in non-specific binding sites (B:) for ki,, =
0.5(pmolL™1s)™ Y, koo = 1 % 1072(pmolL™1's)™1, kiors = 2
10_18_1, and kgoff =1 % 10_18_1
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Figure 20: Drug distribution in the brain ECF (p) for ki, = 1 *
107 (umolL=1s)™, koo, = 2.5 % 107*(pmolL™'s)™1, kiopy =
1% 1072571, and kaopp = 1.5 % 1073571
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Figure 21: Drug distribution in specific binding sites (B;) for ki,, = 1 x
107 (pmolL=1s)™ Y, kaon = 2.5 % 107*(pmolL™1s)™1, kiory = 1 *
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Figure 22: Drug distribution in non-specific binding sites (B:) for ki,, = 1 x
107 (umolL=1s)™, koon = 12.5 % 10~*(umolL™'s)™, kiopy = 1 *
107257, and k2opy = 1.5 % 1073571

4.2 Discussion

In the current study, a mathematical model is formulated and simulated through which the effect
of binding kinetics in drug distribution within the brain is determined. The model formulated
in the current study is an augmentation of the model earlier developed by Vendel et al. (2020).
In this study, the bidirectional bulk flow of the brain ECF was considered contrary to the model
developed by Vendel et al. (2020) which considers only one direction of the bulk flow of the

brain ECF. In addition, the distinction is made between specific and non-specific binding sites

35



along with the subsequent drug distribution in respective binding sites through simulated plots.

The model Equations are discretised through the implicit FDM. The discretised Equations are
then used for simulation from which different plots describing drug distribution along blood
plasma and brain ECF domains are obtained. First, the drug distribution within blood plasma
is discussed. Then, different cases of association and dissociation rates in specific and non-
specific binding sites (k;,, and k;, s s respectively, for (i = 1, 2)) are considered to determine the

impacts they impose on drug distribution within the brain ECF.

The findings of this study show how blood flow rate and BBB permeability influence both drug
concentration within blood plasma and the distribution of drug compounds in that domain. The
simultaneous increase of the BBB permeability and blood flow rate affect the short term distri-
bution of drug compounds in the blood plasma, yet with a high BBB permeability there is an
even distribution of drug within the brain. Nevertheless, drug compounds in the brain ECF are
influenced by both the permeability of BBB and blood flow rate. However, the concentrations

at the binding sites contribute to variations in distribution of drug compounds in the brain ECF.

Contrary to the study by Vendel et al. (2020), the current study investigates the effect of drug-
binding kinetics in drug distribution in the brain with variations in binding parameter values.
Different cases of varied binding parameter values are considered. The results show that, when
the higher values for dissociation rates are used while maintaining those for association rates,
the gradual decrease in drug concentration within the brain ECF is observed. Also, the drug
concentration within the brain ECF becomes much lesser due to drug absorption within the
brain ECF. When the alteration of association rates with the unchanged dissociation rates is
considered, the concentration peaks of drug within the brain ECF are found to cover different
locations within the brain ECF. Moreover, the drug compounds within the brain ECF distribute
with an increasing pattern. The results of simultaneous variations in both association and dis-
sociation rates for specific binding sites show that, the drug concentration within the brain ECF
decrease significantly in relation to an increase in time. Nevertheless, the results of simultane-
ous variations in both association and dissociation rates for non-specific binding sites show that,
the drug distributes in the brain ECF region with the subsequent spatial variations in locations

of concentration peaks from the region near W;,, towards the direction of W,,,; region.

36



CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The 3- dimensional model developed in this study aimed to determine the effect of drug binding
kinetics in spatial drug distribution within the brain. The model integrates the key components
involved in drug distribution within the brain, such are; drug transport across the BBB, drug dis-
tribution within the brain ECF and drug binding kinetics. In addition, the model incorporates the
bidirectional bulk flow of the brain ECF to enhance the visualization of drug distribution within

the brain and explore how the binding kinetics affect the whole process of drug distribution.

The results of this study showed an enhanced visualization of drug distribution within both
blood plasma and brain ECF domains. Additionally, the research findings showed that the
transport across the BBB and blood flow rate affect drug distribution in both blood plasma and
brain ECF. Effects of binding kinetics in drug distribution were also observed through varied
binding parameters where different cases of variations were considered. The findings showed a
substantial decrease of drug concentration in the brain ECF when higher values for dissociation
rates were considered while maintaining those for association rates. Contrarily, the drug distri-
bution within the brain ECF were observed with an increasing trend when the association rates
were altered. In another case, it was found that the drug concentration within the brain ECF
decreases significantly as time rises when both association and dissociation rates for specific
binding sites are varied simultaneously. Nevertheless, when both association and dissociation
rates for non-specific binding sites are varied, the results of simultaneous variations indicated
that the drug distributes in the brain ECF region with spatial differences in concentration peaks

across the brain ECF region.

5.2 Recommendations

Understanding how the drug is distributed within human brain is still very challenging. This
challenge poses an obstruction towards potential therapeutic measures for brain associated dis-
eases or infections. Therefore, 3-dimensional models are recommended as powerful tools that
can be used to study the inter-dependencies of complex factors involved in drug distribution

within the brain. Additionally, the developed 3-dimensional model provided very insightful and
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useful information about drug distribution within the brain, however much need to be unveiled
especially on the factors that were not considered in the model developed in this study, such are;
drug metabolism, perfusion rate, lipid solubility and degree of ionization of the drug. There-
fore, this study recommends the integration of the aforementioned factors for there to be more
fine-tuned results and better visualization of the impact of each or combination of the factors in

drug distribution within the brain.
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APPENDICES

APPENDIX I: Code for Simulations

function drug_Conc3 ()

clear all; clc; close all

9% Discretize our space

r=2.5%107(-6) ;%radius of brain capillary
lcap=5%10"(-5);%inter —capillary distance
L=lcap+2«r; %Length of the cube

x=0:r:L; y=0:r:L; z=0:r:L; h=r;N=length(x);
9% Discretize our time

dt=1;t=0:dt:15;

9% define parameter values

F=1;Dose=0.5;

Ka=2%10"(-4);Ke=5%10"(-5);

Vd=0.2;

vblood=1%10"(-6); %Jovolume of blood
Dstar=2.5%10"(-16); %%effective diffusion coefficient
VECF=0.5%10"(-6); %%brain ECF bulk flow velocity
P=0.1%10"(-7);Tin=0.1%10"(-12) ; Tout=0.1%x10"(-12);
Kin=1%10"2;Kout=1%10"2;Sa=0.1%10"(=7) ;
Bltot=5%x10"(-2);

klon=1%10"(-1); %%specific association constant
kloff=1%10"(-2); %% %specific dissociation constant
B2tot=5%10"(1);

k20n=2.5%10"(-4); 9%Jmon—specific association constant

k2o0ff=1.5%10"(-3); %I9mon—-specific dissociation constant

beta=(—vblood=xdt)/(2xh);
alpha=(2500«Dstar=dt)/(h"2) ;gamma=(VECFxdt)/(2+h);omegal=klonx
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dt;omega2=k2on=dt;taul=kloffsxdt;tau2=k2offxdt;

9% setting up the conditions
f=zeros(length(x),length(y),length(z),length(t));
miu=zeros (length (x),length(y).,length(z),length(t));
rho=zeros(length(x),length(y),length(z),length(t));
Bl=zeros(length(x),length(y),length(z),length(t));
B2=zeros(length(x),length(y),length(z),length(t));

9%%Initial Conditions

miu(:,:,:,1)=0; %the Initial Condition (9)
rho(:,:,:,1)=0; %the Initial Condition (9)
Bi(:,:,:,1)=0; %the Initial Condition (9)
B2(:,:,:,1)=0; %the Initial Condition (9)
S —

for n=1:length(t)

miu(1:2,1:2,1:2,n)=((F«DosexKa) /(Vd+(Ka-Ke))) *x(exp(-Kext(n))-
exp(—Kaxt(n))); %Iomiu-belongs —Win Boundary Condition (15)

f(1:2,1:2,1:2 ,n)=fminrho(miu(1:2,1:2,1:2,n),rho(1:2,1:2,1:2,n))

rho(1:2,1:2,1:2,n)=rho(1:2,1:2,1:2,n)+(h/Dstar)=*f(1:2,1:2,1:2,n

99% (implicit) Finite Difference Method
for n=1:length(t)-1
for 1=2:length(x)-1
for j=2:length(y)-1
for k=2:length(z)-1
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miu(l,1:length(y),l:length(z),n)=miu(2,1:1length(y)
,1:length(z) ,n); % %x=0 Boundary Condition (12)

miu(N,1:length(y),l:length(z),n)=miu(N-1,1:length(y
) ,1:length(z),n); % %x=xr Boundary Condition
(12)

miu(1l:length(x),1,1:length(z),n)=miu(l:length (x)
,2,1:1length(z) ,n); %%y=0 Boundary Condition
(12)

miu(1l:length(x),N,1:length(z),n)=miu(l:length(x) ,N
-1,1:length(z),n); % %y=yr Boundary Condition
(12)

miu(1l:length(x) ,l:length(y),l,n)=miu(l:length(x),1:
length(y) ,2,n); %%z=0 Boundary Condition (12)

miu(1l:length(x) ,l:length(y),N,n)=miu(1l:length(x),1:
length(y) ,N-1,n); 9%%z=zr Boundary Condition
(12)

rho(1,j.k,n)=rho(2,j,k,n); %%Wsub(ECF)&&del (W) in
x—direction at 1st boundary (14)
rho(N,j.k,n)=rho(N-1,j,k,n); %7%Wsub(ECF)&&del (W)
in x—direction at 2nd boundary (14)
rho(1,j,1,n)=rho(1,j,2,n); %7%Wsub(ECF)&&del (W) 1in
z—direction at 1st boundary (14)
rho(i,j,N,n)=rho(i,j,N=1,n); %7%Wsub(ECF)&&del (W)

in z—direction at 2nd boundary (14)

f(i,j,k,n)=fminrho(miu(i,j,k,n),rho(i,j,k,n));

miu(i,j,k,n+1)=miu(i,j,k,n)+betax(miu(i+1,j,k,n)-miu(i-1,]j
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,k,n+1)) ...
+betasx(miu(i,j+1,k,n)-miu(i,j—-1,k,n+1))+beta x(miu(
i,j,k+1,n)-miu(i,j,k-1,n+1));
%

rho(i,j,.k,n+l)=(1-6«alpha)*rho(i,j,k,n)...
+alphas(rho(i+1,j,k,n)+rho(i-1,j,k,n+1)+rho(i,j+1,k,n)+
rho(i,j-1,k,n+1)+rho(i,j,k+1,n)+rho(i,j,.k-1,n+1)) ...
—gammax(rho(i+1,j,k,n)-rho(i-1,j,k,n+1)+rho(i,j+1,k,n)-
rho(i,j-1,k,n+1)+rho(i,j,k+1,n)-rho(i,j,k-1,n+1)) ...
—omegal *(rho(1,j,k,n))*(Bltot-Bl(1,j.k,n))+taul*Bl(1,j,
k,n) ...
—omega2x(rho(i,j,k,n))*(B2tot-B2(i,j.k,n))+tau2=B1(i,j,
k,n); %%diffusion of drug in the brain ECF (6)
%

Bl(i,j,k,n+1)=(1-taul)=*B1(i,j,k,n)+omegal=«rho(i,j.k,n)(
Bltot-Bl(i,j,k,n)); %Jspecific binding (7)
%

B2(i,j,k,n+1)=(1-tau2)*B2(i,j,k,n)+omega2+rho(i,]j,k,n) x(
B2tot-B2(i,j,k,n)); 9% Imon—specific binding (8)

end
end
end

end

timel=find (t==2);time2=find (t==8);time3=find (t==14);
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figure (" DefaultAxesFontSize  ,12)
subplot(1,3,1)
VBl=zeros (length (x),length(y).,length(z));
for i=1:length(x)
VBl_yz(1i,:,:)=BI(N-1,:,:,timel);
for j=I1:length(y)
VBl xz(:,j,:)=Bl(: ,N-1,:,timel);
for k=1:length(z)
VBl xy(:,:,k)=Bl(:,: ,N-1,timel);
VBI(i,j,k)=VB1 xy(i,j,k)+VBl_yz(i,j,k)+VB1 xz(i,j,k
)
end
end
end
xslice=[x(2),x(10),x(16)];yslice=[];zslice =[];
slice(x,y,z,VB1, xslice ,yslice ,zslice); xlabel( x");ylabel('y’);
zlabel('z7);
shading flat

subplot(1,3,2)
VBl=zeros (length (x),length(y),length(z));
for i=1:length(x)
VBl_.yz(i,:,:)=BI(N-1,:,:,time2);
for j=1:length(y)
VBl xz(:,j,:)=Bl(:,N-1,:,time2);
for k=1:length(z)
VBI xy(:,:,k)=Bl(:,: ,N-1,time2);
VBI1(i,j,k)=VBl xy(i,j,k)+VBl_yz(i,j,k)+VBl xz(i,j,k
)
end
end

end

47



xslice=[x(2),x(10),x(16)];yslice=[];zslice =[];

slice(x,y,z,VBI, xslice ,yslice ,zslice); xlabel(’'x");ylabel('y’);
zlabel('z7);

shading flat

subplot(1,3,3)
VBl=zeros (length (x),length(y),length(z));
for i=1:length(x)
VBl_.yz(i,:,:)=BI(N-1,:,:,time3);
for j=1:length(y)
VBl xz(:,j,:)=Bl(:,N-1,:,time3);
for k=1:length(z)
VBI xy(:,:,k)=Bl(:,: ,N-1,time3);
VB1(i,j,k)=VBl xy(i,j,k)+VBl_yz(i,j,k)+VBl xz(i,j,k
)
end
end
end
xslice=[x(2) ,x(10),x(16)]; yslice=[];zslice =[];
slice(x,y,z,VBI, xslice ,yslice ,zslice);xlabel( 'x");ylabel('y’);
zlabel('z7);
shading flat

colorbar(’eastoutside ")

timel=find (t==2);time2=find (t==8);time3=find (t==14);
figure (" DefaultAxesFontSize  ,12)
subplot(1,3,1)
VB2=zeros (length(x),length(y),length(z));
for 1=1:length(x)
VB2 yz(i,:,:)=B2(N-1,:,:,timel);
for j=1:length(y)
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VB2 xz(:,j,:)=B2(: ,N-1,:,timel);
for k=1:length(z)
VB2 xy (:,:,k)=B2(:,: ,N-1,timel);
VB2(i,j,k)=VB2 xy(i,j,k)+VB2_yz(i,j,k)+VB2 xz(i,j,k
)
end
end
end
xslice=[x(2) ,x(10),x(16)]; yslice=[];zslice =[];
slice(x,y,z,VB2, xslice ,yslice ,zslice); xlabel( 'x");ylabel('y’ );
zlabel('z7);
shading flat

subplot(1,3,2)
VB2=zeros (length(x),length(y),length(z));
for 1=1:length(x)
VB2 yz(i,:,:)=B2(N-1,:,:,time2);
for j=1:length(y)
VB2 xz(:,j,:)=B2(: ,N-1,:,time2);
for k=1:length(z)
VB2 xy (:,:,k)=B2(:,: ,N-1,time2);
VB2(i,j,k)=VB2.xy(i,j,k)+VB2_yz(i,j,k)+VB2_xz(i,j,k
)
end
end
end
xslice=[x(2) ,x(10),x(16)]; yslice=[];zslice =[];
slice(x,y,z,VB2, xslice ,yslice ,zslice);xlabel( x");ylabel('y’);
zlabel('z);
shading flat

subplot(1,3,3)
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VB2=zeros (length (x),length(y),length(z));
for 1=1:length(x)
VB2 yz(i,:,:)=B2(N-1,:,:,time3);
for j=1:length(y)
VB2 xz(:,j,:)=B2(: ,N-1,:,time3);
for k=1:length(z)
VB2 xy (:,:,k)=B2(:,: ,N-1,time3);
VB2(i,j,k)=VB2 xy(i,j,k)+VB2_yz(i,j,k)+VB2_xz(i,j,k
)
end
end
end
xslice=[x(2) ,x(10),x(16)]; yslice=[];zslice =[];
slice(x,y,z,VB2, xslice ,yslice ,zslice);xlabel( 'x");ylabel('y’ );
zlabel('z7);
shading flat

colorbar( eastoutside ")

%explore better visualization of the 3D functions
timel=find (t==2);time2=find (t==8);time3=find (t==14);
figure (" DefaultAxesFontSize  ,12)
subplot(1,3,1)
Vmiu = zeros(length(x),length(y),length(z));
for i=1:length(x)
Vmiu_yz(i,: ,:)=miu(N-1,:,:,timel);
for j=I1:length(y)
Vmiu xz(:,j,:)=miu(: ,N-1,:,timel);
for k=1:length(z)
Vmiu xy (:,:,k)=miu(:,: ,N-1,timel);
Vmiu(i,j,k)=Vmiu_xy(i,j,k)+Vmiu_yz(i,j,k)+Vmiu_xz (i,
isk);

end

50



end
end
xslice = [x(2),x(10),x(16)];yslice = [];zslice = [];
slice(x,y,z,Vmiu, xslice ,yslice ,zslice);xlabel( 'x");ylabel('y’ );
zlabel ('z7)
shading flat

subplot(1,3,2)
Vmiu = zeros(length(x),length(y),length(z));
for i=1:length(x)
Vmiu_yz(i,: ,:)=miu(N-1,:,:,time2);
for j=I1:length(y)
Vmiu xz(:,j,:)=miu(: ,N-1,:,time2);
for k=1:length(z)
Vmiu xy (:,:,k)=miu(:,: ,N-1,time2);
Vmiu(i,j,k)=Vmiu_xy(i,j,k)+Vmiu_yz(i,j,k)+Vmiu_xz (1,
isk);
end
end
end
xslice = [x(2),x(10),x(16)];yslice = [];zslice = [];
slice(x,y,z,Vmiu, xslice ,yslice ,zslice);xlabel( x");ylabel('y’);
zlabel ('z7)
shading flat

subplot(1,3.,3)
Vmiu = zeros(length(x),length(y),length(z));
for i=1:length(x)
Vmiu_yz(i,: ,:)=miu(N-1,:,:,time3);
for j=I1:length(y)
Vmiu_xz(:,j,:)=miu(: ,N-1,:,time3);

for k=1:length(z)
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Vmiu xy (:,:,k)=miu(:,: ,N-1,time3);
Vmiu(i,j,k)=Vmiu_xy(i,j,k)+Vmiu_yz(i,j,k)+Vmiu_xz (1,
ik
end
end
end
xslice = [x(2),x(10),x(16)];yslice = [];zslice = [];
slice(x,y,z,Vmiu, xslice ,yslice ,zslice);xlabel( x");ylabel('y’ );
zlabel ('z7)
shading flat
colorbar( eastoutside ") ;

%

figure (" DefaultAxesFontSize ,12)
subplot(1,3,1)
Vrho = zeros(length(x),length(y),length(z));
for 1=1:length(x)
Vrho_yz(i,:,:)=rho(N-1,:,:,timel);
for j=1:length(y)
Vrho xz (:,j,:)=rho(: ,N-1,:,timel);
for k=1:length(z)
Vrho_xy (:,:,k)=rho (:,: ,N-1,timel);
Vrho(i,j,k)=Vrho xy(i,j,k)+Vrho_yz(i,j,k)+Vrho_xz(i,
isk)s;
end
end
end
xslice = [x(2),x(10),x(16)];yslice = [];zslice = [];
slice(x,y,z,Vrho, xslice , yslice ,zslice); xlabel( 'x");ylabel(’y’ );

zlabel ("z7)
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shading flat

subplot(1,3,2)
for i=1:length(x)
Vrho_yz(i,:,:)=rho(N-1,:,:,time2);
for j=I1:length(y)
Vrho xz (:,j,:)=rho(: ,N-1,:,time2);
for k=1:length(z)
Vrho_xy (:,:,k)=rho (:,: ,N-1,time2);
Vrho(i,j,k)=Vrho xy(i,j,k)+Vrho_yz(i,j,k)+Vrho_xz(i,
isk);
end
end
end
xslice = [x(2),x(10),x(16)];yslice = [];zslice = [];
slice(x,y,z,Vrho, xslice , yslice , zslice);xlabel( 'x");ylabel(’y");
zlabel ("z7)
shading flat

subplot(1,3,3)
for i=1:length(x)
Vrho_yz(i,:,:)=rho(N-1,:,:,time3);
for j=I1:length(y)
Vrho xz (:,j,:)=rho(: ,N-1,:,time3);
for k=1:length(z)
Vrho_xy (:,:,k)=rho (:,: ,N=-1,time3);
Vrho(i,j,k)=Vrho xy(i,j,k)+Vrho_yz(i,j,k)+Vrho_xz(i,
ik
end
end
end

xslice = [x(2),x(10),x(16)];yslice = [];zslice = [];
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slice(x,y,z,Vrho, xslice ,yslice ,zslice);xlabel( 'x");ylabel('y’);
zlabel ('z7)
shading flat
colorbar( eastoutside ") ;
function f=fminrho(m,r)
f=Ps«(m-r)+((Tinxm) ./( Sax(Kin+m) ) —(Tout*r) ./( Sa*(Kout+
r))); %odrug exchange btn the ECF and plasma(16)
end

end
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