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Abstract

The development of drugs targeting the brain still faces a high failure rate. One of the
reasons is a lack of quantitative understanding of the complex processes that govern the
pharmacokinetics (PK) of a drug within the brain. While a number of models on drug
distribution into and within the brain is available, none of these addresses the
combination of factors that affect local drug concentrations in brain extracellular fluid
(brain ECF).
Here, we develop a 3D brain unit model, which builds on our previous proof-of-concept
2D brain unit model, to understand the factors that govern local unbound and bound
drug PK within the brain. The 3D brain unit is a cube, in which the brain capillaries
surround the brain ECF. Drug concentration-time profiles are described in both a
blood-plasma-domain and a brain-ECF-domain by a set of differential equations. The
model includes descriptions of blood plasma PK, transport through the blood-brain
barrier (BBB), by passive transport via paracellular and trancellular routes, and by
active transport, and drug binding kinetics. The impact of all these factors on ultimate
local brain ECF unbound and bound drug concentrations is assessed.
In this article we show that all the above mentioned factors affect brain ECF PK in an
interdependent manner. This indicates that for a quantitative understanding of local
drug concentrations within the brain ECF, interdependencies of all transport and
binding processes should be understood. To that end, the 3D brain unit model is an
excellent tool, and can be used to build a larger network of 3D brain units, in which the
properties for each unit can be defined independently to reflect local differences in
characteristics of the brain.

Author summary

Insights on how a drug distributes within the brain over both time and space are still
limited. Here, we develop a ‘3D brain unit model’ in order to understand the factors
that control drug concentrations within a small piece of brain tissue, the 3D brain unit.
In one 3D brain unit, the brain capillaries, which are the smallest blood vessels of the
brain, surround the brain extracellular fluid (ECF). The blood-brain barrier (BBB) is
located between the brain capillaries and the brain ECF. The model describes the
impact of brain capillary blood flow, transport across the BBB, diffusion, flow and drug
binding on the distribution of a drug within the brain ECF. We distinguish between free
(unbound) drug and drug that is bound to binding sites within the brain. We show that
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all of the above mentioned factors affect drug concentrations within brain ECF in an
interdependent manner. The 3D brain unit model that we have developed is an
excellent tool to increase our understanding of how local drug concentrations within the
brain ECF are affected by brain transport and binding processes.

1 Introduction 1

The brain capillary bed is the major site of drug exchange between the blood and the 2

brain. Blood flows from the general blood circulation into the brain capillary bed by a 3

feeding arteriole and back by a draining venule. The rate at which drug molecules 4

within the blood are exposed to the brain is determined by the brain capillary blood 5

flow rate. Drug exchange between the blood plasma in the brain capillaries and the 6

brain extracellular fluid (ECF) is controlled by the blood-brain barrier (BBB). 7

Drug distribution into and within the brain has been extensively summarized in a recent 8

review [1]. In short, the BBB has great impact on the relationship between the 9

concentration-time profiles of unbound drug in the blood plasma (blood plasma 10

pharmacokinetics (PK)) and in the brain ECF (brain ECF PK). The BBB consists of 11

brain endothelial cells that are held closely together by tight junctions. Unbound drug 12

may cross the BBB by passive and/or active transport [2–10]. Passive transport is 13

bidirectional and occurs by diffusion through the BBB endothelial cells (transcellular 14

transport) and through the BBB tight junctions (paracellular transport). Active 15

transport is unidirectional and can be directed inward (from the blood plasma to the 16

brain ECF, active influx) or outward (from the brain ECF to the blood plasma, active 17

efflux). Once having crossed the BBB, drug distributes within the brain ECF by 18

diffusion. Diffusion within the brain ECF is hindered by the brain cells [11, 12]. This 19

hindrance is described by the so-called tortuosity and leads to an effective diffusion that 20

is smaller than normal (in a medium without obstacles). Moreover, a fluid flow, the 21

brain ECF bulk flow, is present. The brain ECF bulk flow results from the generation 22

of brain ECF by the BBB and drainage into the cerebrospinal fluid (CSF). Both 23

diffusion and brain ECF bulk flow are important for the distribution of a drug to its 24

target site, which is the site where a drug exerts its effect. In order to do induce an 25

effect, a drug needs to bind to specific binding sites (targets). Only unbound drug, i.e. 26

drug that is not bound to any components of the brain, can interact with its 27

target [13,14]. This is a dynamic process of association and dissociation, the so-called 28

drug binding kinetics. These association and dissociation rates may affect the 29

concentration of unbound drug at the target site [15,16]. While the drug dissociation 30

rate has been thought of as the most important determinant of the duration of 31

interactions between a drug and its binding site [17], a more recent study shows that 32

the drug association rate is equally important [16]. 33

A number of models integrating several of the discussed processes of drug distribution 34

into and within the brain is available, see for example [11, 12, 18–25] and [26]. The most 35

recent and comprehensive brain drug distribution model is the physiologically-based 36

pharmacokinetic model for the rat and for human [27,28]. This model takes multiple 37

compartments of the central nervous system (CNS) into account, including plasma PK, 38

passive paracellular and transcellular BBB transport, active BBB transport, and 39

distribution between the brain ECF, intracellular spaces, and multiple CSF sites, on the 40

basis of CNS-specific and drug-specific parameters. However, it does not take into 41

account distribution within brain tissue (brain ECF). 42

Here, we developed a 3D brain unit model, in which local brain drug distribution is 43

explicitly taken into account. The 3D brain unit model encompasses blood plasma PK, 44

the BBB, brain ECF, brain ECF bulk flow, diffusion, and binding to specific and 45

non-specific binding sites within the brain. This 3D piece of brain tissue can be 46
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considered the smallest physiological unit of the brain in terms of drug transport. 47

Within the 3D brain unit, drug is carried along with the blood plasma by the brain 48

capillary blood flow and as such presented to the brain ECF. Drug distributes between 49

the blood plasma and the brain ECF by transport across the BBB. Thereafter, drug 50

distribution within the brain ECF is affected by diffusion, bulk flow and binding. We 51

describe the distribution of drug within the brain ECF by a partial differential equation 52

(PDE) and couple this to two ordinary differential equations (ODEs) to account for 53

specific and non-specific drug binding. 54

The model builds on a proof-of-concept 2D brain unit model [29]. The 2D model is a 55

basic model covering many essential aspects of drug distribution within the brain, 56

including passive BBB transport, diffusion, brain ECF bulk flow, specific binding of a 57

drug at its target site and non-specific binding of a drug to components of the brain. 58

Here, brain cells are implicitly implemented by describing the hindrance the cells 59

impose on the transport of a drug within the brain ECF in a tortuosity term. This 60

model has enabled the study of the effect of drug properties and brain tissue 61

characteristics on the distribution of a drug within the brain ECF and on its specific 62

and non-specific binding behaviour of the drug. 63

The current 3D brain unit model further improves the prediction of drug distribution 64

within the brain. The third dimension improves the realistic features of the model as 65

the brain is also 3D. Then, the brain capillary blood flow and active transport across 66

the BBB, which are both important mechanisms of drug transport into the brain, are 67

included. Here, we focus on one single brain unit. This allows for a thorough 68

characterisation of drug distribution within one 3D brain unit before expanding to a 69

larger scale. 70

In the remainder of this article, the mathematical representation of the characteristics 71

of the 3D brain unit is introduced (section 2). There, we formulate the model (section 72

2.1) and the mathematical descriptions of the drug distribution within the blood plasma 73

of the brain capillaries (section 2.2) and within the brain (section 2.3). In section 2.4 we 74

formulate the model boundary conditions that describe drug exchange between the 75

blood plasma and the brain ECF by passive and active BBB transport, as well as drug 76

transport at the boundaries of the unit. In section 3, we study the effect of several 77

factors on drug distribution within the brain ECF. In section 3.1, we evaluate the effect 78

of the brain capillary blood flow velocity on local brain ECF PK in the 3D brain unit. 79

Next, we evaluate the effect of active influx and efflux on local brain ECF PK (section 80

3.2). Then, in section 3.3 we show how the interplay between the brain capillary blood 81

flow velocity, passive BBB permeability and active transport affects drug concentrations 82

within the 3D brain unit. Finally, in section 4 we conclude our work and discuss future 83

perspectives. 84

2 The 3D brain unit 85

The 3D brain unit represents the smallest piece of brain tissue that contains all 86

physiological elements of the brain. The 3D brain unit is part of a larger network of 3D 87

brain units, but here we focus on just one 3D brain unit that is fed by an arteriole and 88

drained by a venule (Fig 1, left). The 3D brain unit is a cube in which the brain 89

capillaries (represented by red rectangular boxes on the ribs) surround the brain ECF 90

(Fig 1, left). The segments of red rectangular boxes protruding from the vertices from 91

the 3D brain unit are parts of brain capillaries from neighbouring units. As such, each 92

vertex connects three incoming brain capillaries to three outgoing brain capillaries, with 93

the exception of the vertex connected to the arteriole and the vertex connected to the 94

venule. These connect the arteriole to three outgoing brain capillaries and three 95

incoming brain capillaries to the venule, respectively. A single 3D brain unit (Fig 1, 96
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Fig 1. Sketch of the 3D model brain unit. Left: The structure represented by the 3D brain
unit. An arteriole carries blood plasma (containing drug) into a brain capillary bed, that is
connected to a venule that drains the blood plasma. The brain capillaries (red) surround the
brain ECF (blue). Middle: the 3D brain unit and its sub-domains. The unit consists of a
brain-ECF-domain (blue) and a blood-plasma-domain (red). The blood-plasma-domain is
divided into several subdomains: U in is the domain where the dose of absorbed drug enters the
3D brain unit, U x1-x4, U y1-y4 and U z1-z4 are the domains representing the x-directed,
y-directed and z-directed capillaries, respectively. Right: Directions of transport in the model.
The drug enters the brain capillaries in U in. From there, it is transported through the brain
capillaries by the brain capillary blood flow in the direction indicated by the small arrows.
Drug in the brain capillary blood plasma exchanges with the brain ECF by crossing the BBB.
Drug within the brain ECF is, next to diffusion, transported along with brain ECF bulk flow
(indicated by the bold arrow).

middle) has a blood-plasma-domain (red) consisting of multiple sub-domains. These 97

include the brain capillary domain where drug enters the unit (indicated by U in in Fig 98

1), the domains representing the x-directed, y-directed and z-directed brain capillaries 99

(indicated by Ux1−x4, Uy1−y4 and Uz1−z4 in Fig 1) and the brain capillary domain where 100

drug leaves the unit (indicated by U out in Fig 1). Drug within the blood plasma is 101

transported by the brain capillary blood flow. The brain capillary blood flow splits at 102

the vertices of the unit, where brain capillary branching occurs (Fig 1, right). 103

In developing the model, we make the following assumptions about drug distribution 104

within the brain capillaries: 105

Assumptions 1. 106

(i) The drug concentration within the blood plasma changes over time as a function of 107

the rates of absorption (in case of oral administration) and elimination into and from 108

the blood plasma. 109

(ii) The blood carrying the drug flows into 3D brain unit by a feeding arteriole and 110

leaves via a draining venule (Fig 1, left). 111

(iii) The drugs enters the brain unit in the domain Uin (Fig 1, middle). 112

(iv) The brain capillary blood flow is directed away from Uin (Fig 1, right). 113

(v) Diffusion within the blood plasma is negligible compared to the brain capillary blood 114

flow, hence drug is transported through the brain capillaries solely by the brain capillary 115

blood flow. 116

(vi) The brain capillaries are all equal in size and surface area. In addition, we assume 117

that the volume of the incoming arteriole equals the volume of the three outgoing brain 118

capillaries it connects to and that the volume of the outgoing venule equals the volume of 119

the three incoming brain capillaries it connects to. Consequently, as the total volume of 120

incoming blood vessels equals the total volume of outgoing blood vessels at each vertex 121

(see Fig 1, left), the brain capillary blood flow velocity is by default equal in all brain 122

capillaries. 123

(vii) Drug within the blood plasma does not bind to blood plasma proteins. All drug 124

within the blood plasma is in an unbound state and is able to cross the BBB. 125

Drug within the blood plasma of the brain capillaries crosses the BBB to exchange with 126

the brain ECF. The BBB is located at the border between the brain capillaries (red) 127

and the brain ECF (blue), see Fig 1. Drug exchange between the blood plasma and the 128

brain ECF is described by passive and active transport across the BBB in both 129

directions. 130

Within the brain ECF, we formulate: 131

Assumptions 2. 132

(i) Drug within the brain ECF is transported by diffusion and brain ECF bulk flow. 133

(ii) Cells are not explicitly considered, but only by taking the tortuosity (hindrance on 134

diffusion imposed by the cells) into account. 135

(iii) The brain ECF bulk flow is unidirectional. It is pointed in the x-direction, see the 136
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Fig 2. Front view of the 3D brain unit. Definitions of U pl are given. The x-directed,
y-directed and z-capillaries are divided by the lines x=y (or y=z or x=z) and x+y=yr (or
y+z=zr or x+z=zr). The only exceptions for this are the brain capillaries adjacent to U in and
the brain capillaries adjacent to U out.

bold arrow in Fig 1 (right). 137

(iv) All drug distributes within the brain ECF and we only have extracellular binding 138

sites. 139

(v) The total concentration of specific and non-specific binding sites is constant. 140

(vi) The specific and non-specific binding sites are evenly distributed over the 3D brain 141

unit and do not change position. 142

(vii) The specific and non-specific binding sites lie on the outside of cells and the drug 143

does not have to cross cell membranes in order to bind to binding sites. 144

(viii) Drug binding is reversible and drugs associate and dissociate from their binding 145

sites. 146

2.1 Formulation of the 3D brain unit 147

The 3D brain unit is a cubic domain, U, that represents a piece of brain tissue. We 148

define U = {(x,y,z) ∈ R3 | 0≤x≤ xr ∧ 0≤y≤yr ∧ 0≤z≤zr}. There, xr, yr and zr are 149

constants that represent the length of one unit, which is then defined as dcap+2r, with 150

dcap the distance between the brain capillaries and r the brain capillary radius. In one 151

brain unit, the brain capillaries, the BBB and the brain ECF are represented by the 152

subsets U pl⊂U, UBBB⊂U and U ECF⊂U, respectively, such that U=U pl ∪ UBBB ∪ 153

U ECF. 154

Within U pl, we define U in as the domain where the blood plasma, containing drug, 155

enters the 3D brain unit from a feeding arteriole. We define U out as the domain where 156

the blood plasma, containing drug, leaves the 3D brain unit to a draining venule. 157

Additionally, we define the x-directed, y-directed and z-capillaries as the sets 158

{U xi,i=1,..,4}, {U yi,i=1,..,4} and {U zi,i=1,..,4}. The brain capillaries are divided by 159

the lines x=y (or y=z or x=z) and x+y=yr (or y+z=zr or x+z=zr), for which an 160

example is shown in Fig 2. The only exceptions for this are the brain capillaries 161

adjacent to U in and U out, see below. The regions are defined are as follows: 162

U x1 = {(x,y,z) ∈ U | r≤x<xr-y, r≤x<xr-z ∧ 0≤y<r ∧ 0≤z<r} 163

U x2 = {(x,y,z) ∈ U | yr-y<x≤y ∧ z≤x<xr-z ∧ yr≥y>yr-r ∧ 0≤z<r} 164

U x3= {(x,y,z) ∈ U | y≤x<xr-y ∧ zr-z<x≤z ∧ 0≤y<r ∧ zr≥z>zr-r} 165

U x4 = {(x,y,z) ∈ U | yr-y<x≤y ∧ zr-z<x≤z ∧ yr≥y>yr-r ∧ zr≥z>zr-r} 166

U y1 = {(x,y,z) ∈ U | r≤y<yr-z ∧ r≤y≤yrx ∧ 0≤x<r ∧ 0≤z<r} 167

U y2 = {(x,y,z) ∈ U | z≤y<yr-z ∧ xr-x≤y<x ∧ xr≥x>xr-r ∧ 0≤z<r} 168

U y3 = {(x,y,z) ∈ U | zr-z<y≤z ∧ x<y≤yr-x ∧ 0≤x<r ∧ zr≥z>zr-r} 169

U y4 = {(x,y,z) ∈ U | zr-z≤y<z ∧ xr-x<y≤x ∧ xr≥x>xr-r ∧ zr≥z>zr-r} 170

U z1 = {(x,y,z) ∈ U | r≤z≤zr-x ∧ r≤z≤zr-y ∧ 0≤x<r ∧ 0≤y<r} 171

U z2 = {(x,y,z) ∈ U | x<z≤zr-x ∧ yr-y≤z<y ∧ 0≤x<r ∧ yr≥y>yr-r} 172

U z3 = {(x,y,z) ∈ U | xr-x≤z<x ∧ y<z≤zr-y ∧ xr≥x>xr-r ∧ 0≤y<r} 173

U z4 = {(x,y,z) ∈ U | xr-x≤z<x ∧ yr-y≤z<y ∧ xr≥x>xr-r ∧ yr≥y>yr-r} 174

U in = {(x,y,z) ∈ U | 0≤x<r ∧ 0≤y<r ∧ 0≤z<r} 175

U out= {(x,y,z) ∈ U | xr-r≤x<xr ∧ yr-r≤y<yr ∧ zr-r≤z<zr}. 176

The BBB is represented by a subset UBBB⊂U, such that UBBB=∂ U pl\∂ U. This 177

denotes the border between the blood plasma and the brain ECF, located at distance r 178

from the edges of the 3D brain unit. 179

The brain ECF is represented by a subset U ECF⊂U, such that U ECF=U \(U pl∪UBBB). 180

Within U we define the following quantities describing drug concentration: 181
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C pl (x,y,z,t): U pl x R+ → R+, 182

CECF (x,y,z,t): U ECFx R+ → R+, 183

B1 (x,y,z,t): U ECFx R+ → R+, 184

B2 (x,y,z,t): U ECF x R+ → R+. 185

Here, C pl is the concentration of unbound drug in the blood plasma, CECF is the 186

concentration of unbound drug in the brain ECF, B1 is the concentration of drug in the 187

brain ECF bound to specific binding sites and B2 is the concentration of drug in the 188

brain ECF bound to non-specific binding sites. 189

2.2 Description of drug distribution in U pl 190

Based on assumption 1(i), we define the concentration of (unbound) drug within U in by 191

including parameters related to oral administration [30]: 192

Cpl =
FkaDose

Vd(ka − ke)
(e−ket − e−kat) for C pl ∈ U in (1)

, where F is the bioavailability of the drug, ka the absorption rate constant of the drug, 193

k e the elimination rate constant of the drug, Dose the molar amount of orally 194

administered drug, and V d the distribution volume, which relates the total amount of 195

drug in the body to the drug concentration in the blood plasma. We focus on oral 196

administration but can also study other choices. 197

Additionally, based on assumptions 1(iv) and 1(v), we define: 198

dCpl

dt
= −vblood

∂Cpl

∂x
for C pl ∈ U xi, for i=1,..,4, (2)

dCpl

dt
= −vblood

∂Cpl

∂y
for C pl ∈ U yi, for i=1,..,4, (3)

dCpl

dt
= −vblood

∂Cpl

∂z
for C pl ∈ U zi, for i=1,..,4, (4)

, with vblood the blood flow velocity within the brain capillaries and where the initial 199

condition is given by 200

Cpl(x, y, z, t = 0) = 0. (5)

2.3 Description of drug distribution in U ECF 201

Based on assumptions 2, we describe the distribution of unbound and bound drug 202

within U ECF with the following system of equations: 203

∂CECF

∂t
=
D

λ2
∇2CECF − vECF

∂CECF

∂x
− k1onCECF(Bmax

1 −B1) + k1offB1

− k2onCECF (Bmax
2 −B2) + k2offB2

∂B1

∂t
= k1onCECF(Bmax

1 −B1)− k1offB1

∂B2

∂t
= k2onCECF(Bmax

2 −B2)− k2offB2.

(6)
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with initial conditions 204

CECF(x, y, z, t = 0) = 0 (7)

, 205

Bi(x, y, z, t = 0) = 0, i = 1, 2 (8)

, where D is the diffusion coefficient in a free medium, λ the tortuosity, vECF the 206

(x-directed) brain ECF bulk flow, B1
max,the total concentration of specific binding sites 207

within the brain ECF, k1on the association rate constant for specific binding, k1off the 208

dissociation rate constant for specific binding, B2
max the total concentration of 209

non-specific binding sites within the brain ECF, k2onthe association rate constant for 210

non-specific binding and k2off the dissociation rate constant for non-specific binding. 211

2.4 Boundary conditions 212

We formulate boundary conditions that describe the change in concentration of drug at 213

the boundary between the blood-plasma-domain (U ok) and the brain-ECF-domain 214

(U ECF), hence at UBB as well as at the boundaries of the 3D brain unit (U pl∩∂ U, 215

U ECF∩∂U ). 216

2.4.1 Drug exchange between U pl and UECF 217

We describe diffusive transport by the difference in drug concentrations in CECF and 218

C pl, multiplied by the BBB permeability, P. In addition, we model active transport into 219

and out of the brain ECF with Michaelis-Menten kinetics, similar to the approach of [6]. 220

In total, this leads to: 221

f(u, v) = P (u− v) +
Tm−in

SABBB(Km−in + u)
u− Tm−out

SABBB(Km−out + v)
v,

with P = Ptransftrans + Pparafpara,

with Ppara =
Dpara

WPCS

(9)

, with u = C pl, v= CECF, P trans being the permeability through the brain endothelial 222

cells, f trans the fraction of the area occupied by the brain endothelial cells, Dparathe 223

diffusivity of a drug across the paracellular space, W PCS the width of the paracellular 224

space, f para the fraction of area occupied by the paracellular space, Tm-in the maximum 225

rate of drug active influx, Tm-out the maximum rate of drug active efflux, Km-in the 226

concentration of drug at which half of Tm-in is reached, Km-out the concentration of 227

drug at which half of Tm-out is reached and SABBB the surface area of the BBB. 228

Based hereon, we describe the loss or gain of unbound drug in the brain ECF due to 229

BBB transport with the following boundary conditions (only those for the x direction 230

are given, the ones for the y and z directions are similar): 231

−D∗ ∂CECF

∂x
= f(Cpl,CECF), for (x,y,z) ∈ UBBB , at x=r,

D∗ ∂CECF

∂x
= f(Cpl,CECF), for (x,y,z) ∈ UBBB at x=x r-r.

(10)

For the blood-plasma-domain, U pl, we use the reverse of (12) to describe drug transport 232

across the BBB in the brain capillaries with the following boundary conditions: 233

D∗ ∂Cpl

∂x
= f(Cpl,CECF), for (x,y,z) ∈ UBBB, at x=r,

D∗ ∂Cpl

∂x
= −f(Cpl,CECF), for (x,y,z) ∈ UBBB, at x=x r-r.

(11)
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2.4.2 Drug exchange at the faces of the 3D brain unit 234

We use additional boundary conditions to describe the drug concentrations at the sides 235

of the domain. Since we assume that there is no diffusion in the blood plasma (see 236

assumption 1(v)), we use the following boundary conditions: 237

∂Cpl

∂x
= 0 (12)

, for (x,y,z) ∈ pl\ U out ∩∂ U, for x=0 and x=xr, 238

∂Cpl

∂y
= 0 (13)

, for (x,y,z) ∈ U pl \ U out ∩∂ U, for y=0 and y=yr, 239

∂Cpl

∂z
= 0 (14)

, , for (x,y,z) ∈ pl\ U out ∩∂ U, for z=0 and z=zr. 240

In addition, we define: 241

Cpl = 0 (15)

, for (x,y,z) ∈ U out ∩∂ U. 242

We formulate the condition at the boundaries of the 3D brain unit as follows: 243

∂CECF

∂x
= 0 (16)

, for U ECF∩∂ U. 244

2.5 Model parameter values and units 245

The dimensions of the 3D brain unit are based on the properties of the rat brain. The 246

model is suitable for data from human or other species as well, but we have chosen for 247

the rat as for this species most data is available. The distance between the brain 248

capillaries in the rat brain is on average 50 µm, while the brain capillaries have a radius 249

of about 2.5 µm [31–34]. Therefore, we set the radius of the brain capillaries, r, to 2.5 250

µm and the dimensions of the 3D brain unit in the x, y and z directions, x r, yr and z r 251

respectively, to 55 µm. 252

In our model, we use Eq (2)-(6) to describe drug concentration within the blood plasma, 253

with boundary conditions described in Eq (13)-(17). We describe the concentration of 254

drug within the brain ECF with Eq (7)-(9) with boundary conditions described in 255

(11),(12) and (18). The range of values we use for the parameters in the model as well 256

as their units are given in Table 1 below. This range is based on values found in the 257

literature (from experimental studies), which we also give in the table. The literature 258

does not provide values on the kinetic parameters related to non-specific binding 259

kinetics (B2
max, k2on and k2off). Therefore, we base the choices of these values on 260

earlier articles that assume that drug binding to specific binding sites is stronger than to 261

non-specific binding sites, while non-specific binding sites are more abundant [29, 35, 36]. 262

3 Model results 263

We study the distribution of a drug within the 3D brain unit by plotting its 264

concentration-time profiles within the brain ECF (brain ECF PK). In addition, we 265
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Table 1. 3D brain unit model parameters and their units, for rat brain. The physiological
range of values of the parameters is given. These are based on references from the literature.

Parameter Unit Range of values Ref.

F, bioavailability - 0-1 [30]

Dose µmol 10-1-102

V, distribution volume L 0.05-5 [38]

ka, absorption rate constant s-1 0-2·10-3 [38]

[20]

k e, elimination rate constant s-1 5·10-5-3·10-2 [38]

[20]

dcap, intercapillary distance m 2·10-5-7·10-5 [31]

[39]

r, brain capillary radius m 0.8-4.8·10-6 [39]

[34]

vblood, brain capillary blood flow m s-1 0.5-50·10-4 e.g. 5

velocity
D*= D

λ2 , effective diffusion coefficient m2s-1 10-11-10-10 [40]

[41]

vECF, brain ECF bulk flow velocity m s-1 5·10-8-5·10-6 [42]

[43]

P, 3D passive BBB permeability1 m s-1 10-10-10-5 [44]2

Tm-in, maximal active influx rate µmol s-1 10-8-10-5 [45]

Km-in, concentration needed to reach
half of Tm-in µmol L-1 101-104 [46]

Tm-out, maximal active efflux rate µmol s-1 10-8-10-5 [45]

Km-out, concentration needed to reach
half of Tm-out µmol L-1 101-104 [46]

SABBB surface area of the BBB6 m2 1.25·10-10

B1
max, total concentration specific

binding sites µmol L-1 1·10-3-5·10-1 [16]3

k1on , specific association constant (µmol L-1s)-1 10-4-102 [16]4

k1off, specific dissociation constant s-1 10-6-101 [16]4

B1
max, total non-specific binding sites µmol L-1 1·101-5·103 [29]

k2on, non-specific association constant (µmol L-1s)-1 10-6-101 [29]

k2off, non-specific dissociation constant s-1 10-4-103 [29]

1This value is the apparent (experimentally measured) overall passive permeability [44].
2 [47–50]
3 [51–56]
4http://www.k4dd.eu and [57]
5 [58–62],

[63]
6This is the surface area of the BBB that separates one side of a brain capillary within the 3D

brain unit from the brain ECF.
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Table 2. 3D brain unit model default parameter values and their units. The values are for a
hypothetical drug and are all within the physiological ranges given in Table 1.

Parameter Unit Value

F - 1
Dose µmol 0.5
ka s-1 2·10-4

k e s-1 5·10-5

V L 0.2
dcap m 5·10-5

r m 2.5·10-6

vblood m s-1 5·10-4

D* m2s-1 0.5·10-10

vECF m s-1 0.5·10-6

P m s-1 0.1·10-7

Tm-in µmol s-1 0·10-7

Tm-out µmol s-1 0·10-7

Km-in µmol L-1 1·102

Km-out µmol L-1 1·102

SABBB m2 1·10-10

B1
max µmol L-1 5·10-2

k1on (µmol L-1s)-1 1
k1off s-1 1·1-2
B1

max µmol L-1 5·101

k2on (µmol L-1s)-1 1·10-2

k2off s-1 1

study the distribution of the drug within the 3D brain unit. We first nondimensionalise 266

the system of equations and boundary conditions by scaling all variables by a 267

characteristic scale, see S1 Appendix for details. Next, in order to perform simulations, 268

we discretise the nondimensionalised system spatially, using a well-established numerical 269

procedure based on finite element approximations [37]. We present the results using the 270

parameters with dimensions. The output of the simulations are the concentrations of 271

free, specifically bound and non-specifically bound drug, given in µmol L-1 over time (s). 272

The model can easily be used to study a specific drug by choosing the parameter values 273

that are specific for this drug, provided that parameter values for this drug are known. 274

In the present study, however, we choose to study generic parameter values that are in 275

the middle of the physiological ranges given in Table 1 . This allows us to perform a 276

sensitivity analysis and study the effect of parameter values at both extremes of the 277

physiological range on the behaviour of the model. We use, unless otherwise indicated, 278

the parameter values that are given in Table 2. In the following sections, we show the 279

impact of the brain capillary blood flow velocity (vblood) in the absence of active 280

transport (section 3.1), the impact of active transport (section 3.2) and the impact of 281

vblood and active transport combined (section 3.3) on blood plasma and brain ECF PK 282

and brain ECF drug distribution. We give the concentration-time profiles of unbound 283

drug, specifically bound drug and non-specifically bound drug in the middle of U ECF, 284

where (x,y,z)=(xr

2 , yr

2 , zr
2 ) as well as those of unbound drug in the blood plasma in the 285

middle of U x1, where (x,y,z)=(xr

2 , r2 , r
2 ), on a log-scale versus time. Drug distribution 286

profiles are given for cross-sections of the entire (x,y,z)-domain of the 3D brain unit for 287

various times. 288
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Fig 3. The effect of the brain capillary blood flow velocity, vblood (m s-1), on the log PK of
C pl (red) and CECF (top), B1 (middle) and B2 (bottom) for a default (P=0.1·10-7m s-1) (left)
and a high (P=100·10-7m s-1) (right) value of P. Values of vblood are set at 0.05·10-4 m s-1,
0.5·10-4 m s-1, 5·10-4 m s-1, 50·10-4 m s-1 and 500·10-4 m s-1, as is depicted by different colours,
where drug concentrations for the default value of vblood (vblood=5·10-4 m s-1) are shown in
blue. All other parameters are as in Table 2. The insets in each sub-figure show the PK for a
shorter time.

3.1 The effect of the brain capillary blood flow velocity on 289

brain ECF PK within the 3D brain unit 290

The impact of the brain capillary blood flow velocity, vblood, on brain ECF PK within 291

the 3D brain unit is evaluated. Parameters are as in Table 2 and we thus assume that 292

there is no active transport, i.e. Tm-in=0 and Tm-out=0. Here, we focus on the effect of 293

vblood on brain ECF PK in the middle of the 3D brain unit. We show the 294

concentration-time profiles of unbound, specifically bound and non-specifically bound 295

drug (CECF, B1 and B2, respectively) within the 3D brain unit on a larger time-scale, 296

for several values of vblood. We do so for the default value of the passive permeability P 297

(P=0.1·10-7 m s-1), in Fig 3 (left), as well as for a high value of P (P=100·10-7 m s-1), 298

in Fig 3 (right). The lowest value of vblood is outside the known physiological ranges 299

(see Table 1), but we choose it as vblood is predicted to mostly impact drug 300

concentrations in the brain when P is much higher than vblood [64, 65]. The total 301

passive permeability, P, includes both transcellular and paracellular permeability. The 302

paracellular space may increase due to disruption of the tight junctions in certain 303

disease conditions, thereby allowing larger molecules to pass through and increasing 304

paracellular transport [66,67]. We can tune our model and separate between 305

transcellular and paracellular transport, as we do in S2 Appendix. In the current 306

section we proceed with the total passive BBB permeability. 307

Fig 3 shows that vblood does not impact long-time behaviour of CECF, B1 and B2. The 308

insets in Fig 3 demonstrate that vblood impacts short-time (t=0-100 s) behaviour only 309

when it has extremely low values (vblood≤0.5·10-4 m s-1), as depicted in the insets of 310

Fig 3 by the yellow and purple lines, respectively. The impact of vblood on CECF, B1 311

and B2 is independent of the values of P (compare the left and right insets of Fig 3). 312

The effects of P on drug concentrations within the brain ECF are similar to those found 313

with our proof-of-concept 2D model [29]: for a high value of P, the attained values of 314

CECF and B2 are higher and follow C pl, while their decay is faster than for a low value 315

of P. In addition, the ≥90% maximum value of B1, i.e. values of B1 that are more than 316

90% of the maximum value attained during the simulation (B1 ≥90% max(B1)), is 317

attained shorter for a high value of P than for a low value of P. 318

From the results shown in Fig 3 we conclude that the effects of vblood on brain ECF PK 319

are minimal. According to the Renkin-Crone equation [64,65], the brain capillary blood 320

flow affects drug influx, depending on the permeability of the BBB. This is also 321

demonstrated by our model, and we show that vblood affects drug influx across the BBB 322

in S3 Appendix. 323

The plots in Fig 4a show the changes in concentration of drug within the blood plasma 324

over a short time-range (t=5 to t=25). There, C pl is plotted along the capillaries 325

starting at U in (where drug enters the unit) to U out (where drug exits the unit). We 326

measure the distance from U in, where the total distance between these points is 150 µm. 327

Drug can be transported along several pathways, but in Fig 4a the values of C pl are 328

given along the pathway indicated in Fig 4b. When vblood=0.5 (left), there are clear 329

differences between C pl in Uin (Distance=0) and C pl in the opposite corner 330

(Distance=150) at the time-points shown. However, as C pl increases over time, the 331
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Fig 4. Changes in C pl and CECF due to the effect of vblood. While vblood is varied from
0.05·10-4 m s-1 to 50·10-4 m s-1, all other parameter values are as in Table 2. a) The pathway
from U in to U out along which C pl is plotted. b) C pl is plotted against time (timepoints from 5
to 25) along the distance shown in (a). c) Distribution profiles of C pl (red) and CECF (blue) of
the 3D brain unit at t=5. Darker shades of red and blue correspond to higher values of C pl

and CECF, respectively.

Fig 5. The effect of active influx on the log concentration-time profiles of drug in the brain
ECF, relative to those in the blood plasma. Top: unbound drug in the brain ECF (CECF)
compared to unbound drug in the blood plasma (C pl, red curve). Middle: drug bound to its
target sites (B1). Bottom: drug bound to non-specific binding sites (B2). The value of Tm-in is
changed from 0 to 100·10-7 µmol s-1. The rest of the parameters are as in Table 2.

differences in C pl become small relative to the value of C pl. Fig 4c shows the 332

distribution profiles of unbound drug within the 3D brain unit at t=5 for different 333

values of vblood. There, darker shades of red and blue correspond to higher 334

concentrations of unbound drug in the blood plasma and the brain ECF, respectively. 335

When vblood=0.5·10-4 m s-1, the transport time of drug between U in and the opposite 336

corner is higher than when vblood=5·10-4 m s-1. This is depicted in Fig 4c, where at 337

t=5, drug concentrations within U pl are equal for a high brain capillary blood flow 338

velocity (vblood=50·10-4 m s-1), while local differences in C pl still exist for a low value 339

of vblood (vblood=0.5·10-4 m s-1). The value of vblood also affects local concentrations of 340

CECF. For a low value of vblood (vblood=0.5·10-4 m s-1), values of CECF at t=5 are 341

overall low, but highest in the corners closest to U in. For higher values of vblood 342

(vblood=5·10-4 m s-1 and vblood=50·10-4 m s-1), CECF at t=5 is overall higher, but 343

again highest in the corner close to U in. 344

3.2 The effect of active transport on the drug concentrations 345

within the brain ECF 346

Active transport kinetics are regulated by the maximal transport rate (Tm) and the 347

concentration of drug needed to reach half of the maximal transport rate (Km), see 348

section 2.4.1. We first focus on active influx, such that Tm-out=0. We vary Tm-in, 349

which denotes the maximal rate of active transporters moving drug from the blood 350

plasma into the brain ECF. Fig 5 shows the effects of increasing values of Tm-in 351

(starting at Tm-in=0, i.e. no active influx) on CECF (top), B1 (middle) and B2 352

(bottom). Fig 5 (top) reveals that an increased value of Tm-in correlates with increased 353

concentrations of CECF. The time to the peak of CECF is not affected by the value of 354

Tm-in. Fig 5 (middle) shows that Tm-in does affect the time during which the specific 355

binding sites are saturated. We find that 90% max(B1) is attained longer for a higher 356

Tm-in. Fig 5 (bottom) shows that higher values of Tm-in correlate with higher values of 357

B2 and thus a greater occupancy of non-specific binding sites. The non-specific binding 358

sites within the brain ECF become saturated with drug when Tm-in is sufficiently high 359

(Tm-in=100·10-7 µmol s-1). To evaluate the effect of active efflux on drug concentrations 360

within the brain ECF, we repeat our simulations with Tm directed outward, i.e. with 361

Tm-out=0-100·10-7 µmol s-1 and Tm-in=0. Fig 6 (top) shows that CECF decreases faster 362

for higher values of Tm-out, corresponding to more active efflux. Fig 6 (middle) reveals 363

that Tm-out affects the time during which specific binding sites are saturated: the time 364

at which B1 attains 90% max(B1) is smaller for a high value of Tm-out. For sufficiently 365

high values of Tm-out, the binding sites do not become saturated. Fig 6 (bottom) shows 366

that B2 is similarly affected by active efflux as CECF. 367
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Fig 6. The effect of active efflux on the log concentration-time profiles of drug in the brain
ECF, relative to those in the blood plasma. Top: unbound drug in the brain ECF (CECF) and
unbound drug in the blood plasma (C pl, red curve). Middle: drug bound to its target sites
(B1). Bottom: drug bound to non-specific binding sites (B2). The value of Tm-out is changed
from 0 to 100·10-7 µmol s-1. The rest of the parameters are as in Table 2.

Fig 7. The log concentration-time profiles of unbound drug in brain ECF (CECF) with 1000x
increased permeability P (left to right, 0.1·10-7 m s-1 to 100·10-7 m s-1) or 10x decreased flow
vECF (top to bottom, 5·10-4m s-1 to 0.5·10-4 m s-1) in the presence of active influx compared to
the concentration of unbound drug in the blood plasma (C pl, red curve). The value of of Tm-in

is changed from 0 to 100·10-7 µmol s-1, as depicted by various colours. The rest of the
parameters are as in Table 2.

3.3 The effect of the brain capillary blood flow velocity in the 368

presence of active transport 369

In section 3.1 we have shown that both the passive BBB permeability, P, and the brain 370

capillary blood flow velocity, vblood, affect dug brain ECF PK in the absence of active 371

transport. Here, we study how P and vblood combined with active transport affect drug 372

PK within the brain ECF. Fig 7 shows the log plot of CECF for vblood=5·10-4 m s-1 373

(top) and vblood=0.5·10-4 m s-1 (bottom) and for P=0.1·10-7 m s-1 (left) and 374

P=100·10-7 m s-1 (right) in the presence of active influx, i.e. for various values of Tm-in 375

(Tm-out=0). Note that the vertical scale is the same in all plots. Fig 7 shows how P and 376

vblood affect the impact of Tm-in on brain ECF PK. A smaller value of vblood only 377

slightly reduces CECF when Tm-in is sufficiently high (Tm-in≥10·10-7 µmol s-1), see Fig 378

7, left. An increase in P does reduce the impact of Tm-in on CECF substantially (Fig 7, 379

right). When the BBB is very permeable, active influx needs to be fast to have any 380

effect, as drug can easily pass the BBB to flow back into the blood plasma. As shown in 381

Fig 7, right, in the presence of a high value of P, Tm-in only (slightly) affects CECF 382

when it is 10·10-7 µmol s-1 or higher. 383

Fig 8 shows the log profiles of CECF for vblood=5·10-4 m s-1 (top) and vblood=0.5·10-4 384

m s-1 (bottom) and for P=0.1·10-7 m s-1 (left) and P=100·10-7 m s-1 (right) in the 385

presence of active efflux, i.e. for various values of Tm-out (Tm-in =0). Fig 8 reveals that 386

vblood does not affect the impact of Tm-out on CECF. This is expected, as vblood mainly 387

affects C pl, while active efflux depends on CECF. The passive permeability P does 388

affect the impact of Tm-out on CECF. If P is high, drug can easily flow across the BBB 389

back into the brain ECF, following the concentration gradient between the blood 390

plasma and the brain ECF, thereby countering the effect of Tm-out. Fig 8 (top right) 391

shows that for a high P, CECF is only affected by Tm-out when its value is higher than 392

10·10-7 µmol s-1. The values of CECF in the presence of active efflux and a high passive 393

BBB permeability, P, are unaffected by vblood (Fig 8, right). 394

Next, we study how the drug distribution within the 3D brain unit is affected by vblood, 395

P, Tm-in and Tm-out. Fig 9 shows cross-sections (for y=1
2yr and z=0) of the 3D brain 396

unit at t=5, in which the distribution of C pl and CECF is plotted. The values of C pl 397

and CECF are represented by shades of red and blue, respectively, where darker shades 398

Fig 8. The PK on log-scale of unbound drug in brain ECF (CECF) with 1000x increased
permeability P (left to right, 0.1·10-7 m s-1 to 100·10-7 m s-1) and 10x decreased blood flow
velocity vblood (top to bottom, 5·10-4 m s-1 to 0.5·10-4 m s-1) in the presence of active efflux
compared to the concentration of unbound drug in the blood plasma (C pl, red curve). The
value of Tm-out is changed from 0 to 100·10-7 µmol s-1, as indicated by the different colours.
The rest of the parameters are as in Table 2.
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Fig 9. The distribution profiles at cross-sections (at y= 1
2
yr) of the 3D brain unit at t=5 of

unbound drug in brain ECF with lower brain capillary blood flow velocity (vblood=0.5·10-4 m
s-1, middle column), higher passive BBB permeability (P=100·10-7 m s-1, right column),
presence of active influx (middle row, Tm-in=1·10-7 µmol s-1) and presence of active efflux
(bottom row, Tm-out=1·10-7 µmol s-1) at t=5. Parameters are as in Table 2.

Fig 10. Values of CECF (10-3 µmol L-1) at several locations within the brain unit
for different values of P and vblood at t=500. a) Locations within the 3D brain unit.
Corner 1: (x,y,z)=(r,r,r), Corner 2: (x,y,z)=(xr-r,yr-r,zr-r), Edge: (x,y,z)= (0, yr

2
, zr
2
), Middle:

(x,y,z)= ( xr
2
, yr
2
, zr
2
). b) Values of CECF are shown for a low ((P=0.01·10-8 m s-1) , default

(P=0.1·10-8 m s-1) and high (P=1·10-8 m s-1) value of P in the top, middle and bottom table,
respectively. Within each table, concentrations are given for several values of vblood

(vblood=0.5·10-4 m s-1, vblood=5·10-4 m s-1 and vblood=50·10-4 m s-1, left to right), Tm-in

(Tm-in=0, Tm-in=1·10-7 µmol s-1, Tm-in=10·10-7 µmol s-1 and Tm-in=100·10-7 µmol s-1) and
Tm-out (Tm-out=0, Tm-out=1·10-7 µmol s-1, Tm-out=10·10-7 µmol s-1 and Tm-out=100·10-7
µmol s-1) at different locations. When Tm-in is changed, Tm-out=0 and vice versa. c) Colour
legend. In each table, colours are relative to the value of CECF in the middle of the unit in the
absence of active transport for vblood=5·10-4 m s-1, of which the colour is denoted by “Default”.
The intensity of green corresponds to the extent of increase, and the intensity of red
corresponds to the extent of decrease of CECF compared to the default. Other parameters are
as in Table 2.

indicate higher concentrations. In Fig 9a (left) we give a plot for a default P and vblood 399

(Fig 9a, left). Then, we decrease vblood (Fig 9a, middle) or increase P (Fig 9a, right). 400

For a lower vblood, relative differences of C pl over space increase (Fig 9a, middle). 401

Additionally, due to the decrease in C pl, local differences in CECF become more 402

apparent. A larger value of P results in an increased exchange of drug between the 403

blood plasma and the brain ECF, such that CECF becomes higher (Fig 9a, right). 404

Fig 9b shows that the presence of active influx (Tm-in=1·10-7 µmol s-1) increases CECF. 405

As a consequence, local differences within U ECF become relatively small. With a low 406

value of vblood, local differences in U pl become apparent (Fig 9b, middle). Finally, Fig 407

9c shows that with active efflux, CECF becomes smaller than when no active efflux is 408

present, except for when P is high and more pronounced. 409

Values of CECF are given in the table in Fig 10c in order to show the differences 410

within the 3D brain unit more clearly. There, values of CECF are given for four different 411

locations within the 3D brain unit for several values of vblood and P and t=500. The 412

table again (as in Fig 7, 8 and 9) shows that vblood and P affect the impact of Tm-in 413

and Tm-out on CECF. It provides additional information on the distribution of CECF 414

within the 3D brain unit. In general, CECF is higher in the corners relative to the edge 415

and middle within the 3D brain unit. The extent of these local concentration differences 416

depends on the values of Tm-in and Tm-out. The differences are largest when 417

Tm-out=1·10-7 µmol s-1, depicted in the lowest line of each sub-table. There, CECF in 418

corner 2 is higher than in corner 1. In addition, in the presence of active influx, the 419

values of CECF are lower in corner 2 than in corner 1. Again, the extent of this 420

difference depends on the value of Tm-in. 421

4 Discussion 422

We have developed a mathematical model that describes the local distribution of a drug 423

within a 3D brain unit as an extension of our earlier 2D proof-of-concept model [29]. 424

The 3D brain unit is represented as a cube. This new model provides an important step 425

towards more realistic features of the brain. The 3D representation allows for the 426

representation of the brain ECF as continuous. The brain capillary blood flow and 427
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active transport across the BBB have been explicitly incorporated. This enables us to 428

more realistically predict the impact of the interplay of cerebral blood flow, BBB 429

characteristics, brain ECF diffusion, brain ECF bulk flow and brain (target) binding on 430

drug distribution within the brain. Altogether our model allows the study of the effect 431

of a large amount of parameters values (summarized in Table 1) on drug distribution 432

within the 3D brain unit. 433

This study has focused on the effect of the newly implemented brain properties on brain 434

ECF concentrations a drug within the brain. It is shown that the brain capillary blood 435

flow velocity and the passive BBB permeability affect the concentration of a drug 436

within the brain, and, as anticipated [68,69] that a low brain capillary blood flow 437

velocity affects the short-term, but not the long-term concentration-time profiles of C pl 438

and CECF, (Fig 3 and 4). Also, passive BBB permeability has a high impact on brain 439

ECF PK, even when drug is actively transported across the BBB. Moreover, the BBB 440

permeability and, in smaller extent, the brain capillary blood flow velocity affect the 441

impact of active influx on drug PK within the brain ECF (Fig 7 and 8). Interestingly, 442

the brain capillary blood flow velocity, passive BBB permeability and active transport 443

do not only affect the concentration of drug within the brain ECF, but also its 444

distribution within the brain ECF (Fig 9 and 10. 445

Taken together, the 3D brain unit model shows the impact of drug-specific and 446

brain-specific parameters on drug distribution within the brain ECF. The added value is 447

that all these factors can now be studied in conjunction to understand the 448

interdependencies of multiple brain parameter values and drug properties. This makes 449

this single 3D brain unit model suitable for the next step, which is to mount up multiple 450

units to represent a larger volume of brain tissue, in which the brain tissue properties 451

for each unit can be defined independently. The units may be given different systemic 452

properties (such as the BBB permeability or drug target concentration), to represent 453

the heterogeneity of the brain in a 3D manner. 454

S1 Appendix - Nondimensionalization of the model 455

We can make Eq (2-16) dimensionless by introducing a change of variables. Here, the
original variables are scaled to dimensionless variables by scaling with a characteristic,
dimensional scale. We set:

t = tcτ D* = Dcd k1on = k1onc
K1on

x = xcξ, v = vcV k1off = k1offcK1off

y = ycη Cpl = Cplcw k2on = k2onc
K2on

z = zcζ CECF = Ccu k2off = k2offcK2off

B1 = B1cb1 Bmax
1 = Bmax

1c bmax
1 P = Pcp

B2 = B2cb2 Bmax
2 = Bmax

2c bmax
2 SABBB = SABBBc

saBBB

Tm = Tmc
tm Km = Kmc

km vblood = vbloodc
Vblood
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where

tc = 1s Dc = 10−10.m2s−1 k1onc
= (µmol.L−1.s)−1

xc = 10−6.m vc = 10−6.m.s−1 k1offc = 10−2.s−1

yc = 10−6.m Cplc = µmol.L−1 k2onc = 10−2.(µmol.L−1s)−1

zc = 10−6.m Cc = µmol.L−1 k2offc = s−1

B1c = µmol.L−1 Bmax
2c = µmol.L−1 Pc = 10−7.m.s−1

B2c = µmol.L−1 Bmax
2c = µmol.L−1 SABBBc

= 10−6.L.m−1

Tmc
= 10−7µmol.s−1 Kmc

= 102.µmol.L−1 vbloodc
= 10−3.m.s−1

This leads to the following dimensionless equation for drug in the blood plasma
(example based on Eq (2), but similar for Eq (3)-(4)):

∂w

∂τ
= 103Vblood

∂w

∂ξ

, and the following system of dimensionless equations for drug within the brain ECF
(for Eq (6)):

∂u

∂τ
= 102d(

∂2u

∂ξ2
+
∂2u

∂η2
+
∂2u

∂ζ2
)− V ∂u

∂ξ

−K1onu(bmax
1 − b1) + 10−2K1offb1

− 10−2K2onu(bmax
2 − b2) +K2offb2

∂b1
∂τ

= K1onu(bmax
1 − b1)− 10−2K1offb1

∂b2
∂τ

= 10−2K2onu(bmax
2 − b2)−K2offb2.

The corresponding boundary conditions (Eq (10)-(11), example for Eq (10), but similar 456

for Eq (10)) are given by: 457

d
∂u

∂ξ
= 10−3p(w − u(ξ, η, ζ, τ)) +

10−1tm
saBBB(km + u(ξ, η, ζ, τ))

u(ξ, η, ζ, τ))

for ξ=0 and ξ=1. 458

The initial conditions become

w(ξ, η, ζ, τ = 0) = 0

u(ξ, η, ζ, τ = 0) = 0.

S2 Appendix- The effect of paracellular permeability 459

on PK within the brain ECF 460

We study the passive transcellular permeability and passive paracellular permeability 461

separately. This is different from before, where we have studied the total passive 462

permeability. We study the effect of paracellular transport on the PK within the 3D 463

brain unit. The paracellular permeability can increase due to disruption of the BBB, 464

which in turn could be a result of disease. We include paracellular permeability and 465

study its effect on drug concentrations within the 3D brain unit. For drugs for which 466

the passive transcellular BBB permeability is low (P trans=0.01·10-7 µmol s-1), 467
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Supplementary Figure 1. The PK in log-scale of unbound drug in the brain ECF
(CECF) compared to the concentration of unbound drug in the blood plasma (C pl, red
curve). The transcellular passive permeability, P trans, is set to 0.01·10-7 m s-1 (left) and
1·10-7 m s-1 (right), while the paracellular permeability, Ppara is changed from 0 to
1·10-1 m s-1 as depicted by different colours.

increasing has a large impact on drug PK within the brain (Fig 1, left). For drugs with 468

a high passive permeability, an increased paracellular permeability has less effect, as 469

shown in Fig 1(right). Essentially, changing the paracellular permeability has a similar 470

effect as changing the total and the transcellular permeability: both increase the 471

transport of drug along the concentration gradient between the blood plasma in the 472

brain capillaries and the brain ECF. 473

S3 Appendix - The Renkin-Crone equation and the 474

3D brain unit model 475

We compare our model with the Renkin-Crone equation, which is a well-known equation 476

relating blood flow to tissue uptake [64,65], see Box I. The Renkin-Crone equation 477

predicts that the transport of drugs across the BBB into the brain depends on the brain 478

capillary blood flow rate, Q, in the presence of a large BBB permeability surface, PS. 479

The volumetric parameters Q and PS are related to the brain capillary blood flow 480

velocity, vblood, and the BBB permeability, P, by the brain capillary and BBB surface 481

area, SAcap and SABBB, respectively. Here, we study the effect of vblood on the passive 482

transport of drug into the brain for different values of P. For this purpose, we: 483

1. Take a constant concentration of drug within the blood-plasma-domain (i.e. we set 484

C pl(t)=1 for C pl(t) ∈ U in. 485

2. We simplify boundary conditions (11) and (12) to ∂CECF

∂x = P (Cpl) in order to study 486

passive influx, which is the passive movement of drug into the brain, only. Note that his 487

is different from the approach we took previously, in which passive transport into or out 488

of the brain ECF depends on a difference in concentration between the blood plasma 489

and the brain ECF (see Eq(10)). Moreover, we set Tm-in=0 and Tm-out=0 490

3. We leave out drug binding and set B1
max, B2

max=0. 491

We measure the change in CECF (dCECF

dt ) at one specific point of the 3D brain unit, 492

(x,y,z)=(3
2 r, 32 r, 3

2 r),which we denote by u1, as indicated in Fig 2 (top). Similarly, we 493

measure C pl at one specific point of the 3D brain unit, (x,y,z)=(32 r, 12 r, 1
2 r), denoted by 494

w1, as indicated in Fig 2 (top). It takes some time until a steady state is reached and 495

values of C pl and dCECF

dt are approximately constant, see Fig 2 (bottom). At steady 496

state kBBB, which is the rate constant of drug transport from the blood plasma across 497

the BBB into the brain ECF, can be determined as follows: 498

kbbb =
dCECF

dt (u1)

Cpl(w1)
(1)

, with dCECF

dt (u1) the change in CECF over time in u1 and C pl(w1) the value of C pl in 499

w1 when both C pl(w1) and dCECF

dt (u1) do not longer vary. Fig 3 demonstrates that the 500

way vblood affects kBBB varies with the value of P. With values of P of 1·10-4 m s-1 or 501

lower, kBBB is independent of vblood. With values of P of 10·10-4 m s-1 or higher, kBBB 502

linearly increases with vblood up to a certain threshold (e.g. for P=10·10-4 m s-1, kBBB 503

starts to approach constant levels when vblood≥2). These results correspond to the 504

predictions of the Renkin-Crone equation (Box I). 505
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Supplementary Figure 2. Determination of Cpl(w1) and dCECF
dt

(u1). Time Top:

Locations of w1 and u1, where C pl(w1)and
dCECF

dt
(u1) are measured, within the 3D brain unit.

The black arrow indicates the direction of the brain capillary blood flow, while the green arrow
indicates the direction of BBB transport. Bottom: Profiles of C pl (w1) and

dCECF
dt

(u1) over
time.

Supplementary Figure 3. The effects of vblood on kBBB. The effect of vblood on
kBBB depends on P. Note that here P is taken 103 times its default value, see Table 2.

Box I - The Renkin-Crone equation

The brain capillary blood flow affects the passive clearance of a drug across the
BBB according to the Renkin-Crone equation [64,65]. The Renkin-Crone equation
describes the relation between the brain capillary blood flow and transport across
the BBB as follows:

Kin = QE

with E = 1− e
−PS
Q

(2)

, with K in the passive clearance of drug from the blood into the brain (L s-1),
Q (L s-1) the blood flow rate in the brain capillaries and PS (L s-1) the passive
permeability surface of the BBB. Both Q and PS have the same units, such that,
E, the ratio of compound extracted from the blood into the brain, is dimensionless.
The Renkin-Crone equation shows that the transport from the blood into the
brain depends on the ratio of the BBB permeability surface (PS ) and the blood
flow rate (Q). When PS�Q, the extraction ratio E approaches 1, such that K in is
determined by changes in Q. In other words, when PS�Q, drug transport across
the BBB is much faster than the rate of drug supply into the brain capillaries.
Then, drug transport into the brain can only be increased by increasing Q. On the
other hand, when Q�PS, E approaches 0. In this case, the drug supply into the
brain capillaries is much faster than the rate of drug transport across the BBB.
Then, drug transport into the brain can only be increased by increasing PS.
The Renkin-Crone equation implies that the effect of the brain capillary blood
flow rate on the concentration of unbound drug exchanging with the brain is
most pronounced for drugs that easily cross the BBB [65,70], i.e. drugs for which
PS�Q, or, in terms of velocity rather than rate, drugs for which P�vblood. Under
general, non-pathological circumstances vblood is around 5·10-4 m s-1 (see Tables 1
and 2), which implies that BBB transport is impacted by the blood flow velocity
when drug molecules have a value of P that is (much) higher than 10-4 m s-1 (i.e.
103 times the default value as given in Table 2).

506
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