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Abstract

The development of drugs targeting the brain still faces a high failure rate. One of the rea-

sons is a lack of quantitative understanding of the complex processes that govern the phar-

macokinetics (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 concen-

tration-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

transcellular 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 pro-

cesses 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.

1 Introduction

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

Blood flows from the general blood circulation into the brain capillary bed by a feeding arteri-

ole and back by a draining venule. The rate at which drug molecules within the blood are

exposed to the brain is determined by the brain capillary blood flow rate. Drug exchange

between the blood plasma in the brain capillaries and the brain extracellular fluid (ECF) is con-

trolled by the blood-brain barrier (BBB).
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Drug distribution into and within the brain has been extensively summarized in a recent

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

time profiles of unbound drug in the blood plasma (blood plasma pharmacokinetics (PK)) and

in the brain ECF (brain ECF PK). The BBB consists of brain endothelial cells that are held

closely together by tight junctions. Unbound drug may cross the BBB by passive and/or active

transport [2–10]. Passive transport is bidirectional and occurs by diffusion through the BBB

endothelial cells (transcellular transport) and through the BBB tight junctions between the

endothelial cells (paracellular transport). Passive transport is quantified by the BBB permeabil-

ity, which is the speed by which a compound passively crosses the BBB, and depends on the

properties of both the drug and the brain. Active transporters located at the BBB move com-

pounds either inward (in the direction of the brain ECF, active efflux) or outward (in the direc-

tion of the blood plasma, active efflux). Once having crossed the BBB, drug distributes within

the brain ECF by diffusion. Diffusion within the brain ECF is hindered by the brain cells [11,

12]. This hindrance is described by the so-called tortuosity and leads to an effective diffusion

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

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

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

bulk flow are important for the distribution of a drug to its target site, which is the site where a

drug exerts its effect. In order to do induce an effect, a drug needs to bind to specific binding

sites (targets). Only unbound drug, i.e. drug that is not bound to any components of the brain,

can interact with its target [13, 14]. This is a dynamic process of association and dissociation,

the so-called drug binding kinetics. These association and dissociation rates may affect the

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

been thought of as the most important determinant of the duration of interactions between

a drug and its binding site [17], a more recent study shows that the drug association rate is

equally important [16].

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

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

comprehensive brain drug distribution model is the physiologically-based pharmacokinetic

model for the rat and for human [27, 28]. This model takes multiple compartments of the

central nervous system (CNS) into account, including plasma PK, passive paracellular and

transcellular BBB transport, active BBB transport, and distribution between the brain ECF,

intracellular spaces, and multiple CSF sites, on the basis of CNS-specific and drug-specific

parameters. However, it does not take into account distribution within brain tissue (brain

ECF).

Much is still unknown on the spatial distribution of a drug within the brain and quantita-

tive data on the processes governing brain spatial-temporal drug transport are lacking. The

purpose of the present study is therefore to gain insight into the processes governing spatial

drug distribution within the brain. Here, we developed a 3D brain unit model, in which local

brain drug distribution is explicitly taken into account. The 3D brain unit model encompasses

blood plasma PK, the BBB, brain ECF, brain ECF bulk flow, diffusion, and binding to specific

and non-specific binding sites [29, 30] within the brain. This 3D piece of brain tissue can be

considered the smallest physiological unit of the brain in terms of drug transport. Within the

3D brain unit, drug is carried along with the blood plasma by the brain capillary blood flow

and as such presented to the brain ECF. Drug distributes between the blood plasma and the

brain ECF by transport across the BBB. Thereafter, drug distribution within the brain ECF is

affected by diffusion, bulk flow and binding. We describe the distribution of drug within the

brain ECF by a partial differential equation (PDE) and couple this to two ordinary differential

equations (ODEs) to account for specific and non-specific drug binding.

PLOS ONE A 3D brain unit model to further improve prediction of local drug distribution within the brain

PLOS ONE | https://doi.org/10.1371/journal.pone.0238397 September 23, 2020 2 / 24

https://doi.org/10.1371/journal.pone.0238397


The model builds on a proof-of-concept 2D brain unit model [31]. The 2D model is a basic

model covering many essential aspects of drug distribution within the brain, including passive

BBB transport, diffusion, brain ECF bulk flow, specific binding of a drug at its target site and

non-specific binding of a drug to components of the brain. Here, brain cells are implicitly

implemented by describing the hindrance the cells impose on the transport of a drug within

the brain ECF in a tortuosity term, λ. There, λ is defined as
ffiffiffiffi
D

D�

p
, with D being the normal dif-

fusion coefficient and D� the effective diffusion coefficient [12]. The 2D brain unit model has

enabled the study of the effect of drug properties and brain tissue characteristics on the distri-

bution of a drug within the brain ECF and on its specific and non-specific binding behaviour

of the drug.

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

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

is also 3D. Moreover, the third dimension allows the brain ECF to be not entirely surrounded

by capillaries, such that the brain ECF is a continuous medium, like in reality. Then, the brain

capillary blood flow and active transport across the BBB, which are both important mecha-

nisms of drug transport into the brain, are included. Here, we focus on one single brain unit.

This allows for a thorough characterisation of drug distribution within one 3D brain unit

before expanding to a larger scale.

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

3D brain unit is introduced (section 2). There, we formulate the model (section 2.1) and the

mathematical descriptions of the drug distribution within the blood plasma of the brain

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

model boundary conditions that describe drug exchange between the blood plasma and the

brain ECF by passive and active BBB transport, as well as drug transport at the boundaries of

the unit. In section 3, we study the effect of several factors on drug distribution within the

brain ECF. In section 3.1, we evaluate the effect of the brain capillary blood flow velocity on

local brain ECF PK in the 3D brain unit. Next, we evaluate the effect of active influx and efflux

on local brain ECF PK (section 3.2). Then, in section 3.3 we show how the interplay between

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

drug concentrations within the 3D brain unit. Finally, in section 4 we conclude our work and

discuss future perspectives.

2 The 3D brain unit

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

elements of the brain. The 3D brain unit is part of a larger network of 3D brain units, but here

we focus on just one 3D brain unit that is fed by an arteriole and drained by a venule (Fig 1,

left). The 3D brain unit is a cube in which the brain capillaries (represented by red rectangular

boxes on the ribs) surround the brain ECF (Fig 1, left). The segments of red rectangular boxes

protruding from the vertices from the 3D brain unit are parts of brain capillaries from neigh-

bouring units. As such, each vertex connects three incoming brain capillaries to three outgoing

brain capillaries, with the exception of the vertex connected to the arteriole and the vertex con-

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

incoming brain capillaries to the venule, respectively.

A single 3D brain unit (Fig 1, middle) has a blood-plasma-domain (red) consisting of multi-

ple sub-domains. These include the brain capillary domain where drug enters the unit (indi-

cated by Uin in Fig 1), the domains representing the x-directed, y-directed and z-directed

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

domain where drug leaves the unit (indicated by Uout in Fig 1). Drug within the blood plasma
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is transported by the brain capillary blood flow. The brain capillary blood flow splits at the ver-

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

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

within the brain capillaries:

Assumptions 1.

(i) The drug concentration within the blood plasma changes as a function of time depending
on dose, bioavailability, the rate of absorption (in case of oral administration), distribution vol-
ume and elimination into and from the blood plasma.

(ii) The blood carrying the drug flows into 3D brain unit by a feeding arteriole and leaves via
a draining venule ( Fig 1, left).

(iii) The drugs enters the brain unit in the domain Uin ( Fig 1, middle), and drug concentra-
tions in Uin are unaffected by the brain capillary blood flow.

(iv) The brain capillary blood flow is directed away from Uin ( Fig 1, right).
(v) In the blood plasma, drug transport by diffusion is negligible compared to drug transport

by the brain capillary blood flow.

(vi) The brain capillary blood flow velocity is by default equal in all brain capillaries.
(vii) Drug within the blood plasma does not bind to blood plasma proteins. All drug within

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

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

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

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

by passive and active transport across the BBB in both directions. Here, we assume that active

influx transporters move a compound from the blood plasma directly into the brain ECF and

that active efflux transporters move a compound from the brain ECF directly into the blood

plasma.

Within the brain ECF, we formulate:

Assumptions 2.

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

(ii) Cells are not explicitly considered, but only by taking the tortuosity (hindrance on diffu-
sion imposed by the cells) into account.

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: Uin is the domain where the dose of absorbed drug enters the 3D brain unit, Ux1-x4, Uy1-y4 and

Uz1-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 Uin. 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).

https://doi.org/10.1371/journal.pone.0238397.g001
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(iii) The brain ECF bulk flow is unidirectional. It is pointed in the x-direction, see the bold
arrow in Fig 1 (right).

(iv) All drug distributes within the brain ECF and we only have extracellular binding sites.
(v) The total concentration of specific and non-specific binding sites is constant.
(vi) The specific and non-specific binding sites are evenly distributed over the 3D brain unit

and do not change position.

(vii) 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 binding sites.

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

2.1 Formulation of the 3D brain unit

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

{(x,y,z) 2 R3 j 0�x� xr ^ 0�y�yr ^ 0�z�zr}. There, xr, yr and zr are constants that represent

the length of one unit and are defined as dcap+2r, with dcap the distance between the brain

capillaries and r the brain capillary radius. In one brain unit, the brain capillaries, the BBB and

the brain ECF are represented by the subsets Upl�U, UBBB�U and UECF�U, respectively, such

that U = Upl [ UBBB [ UECF.

Within Upl, we define Uin as the domain where the blood plasma, containing drug, enters

the 3D brain unit from a feeding arteriole. We define Uout as the domain where the blood

plasma, containing drug, leaves the 3D brain unit to a draining venule. Additionally, we define

the x-directed, y-directed and z-capillaries as the sets {Uxi,i = 1,‥,4}, {Uyi,i = 1,‥,4} and {Uzi,

i = 1,‥,4}. The brain 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), for which an example is shown in Fig 2. The only exceptions for this are

the brain capillaries adjacent to Uin and Uout, see below.

The definitions of the regions are as follows:

Ux1 = {(x,y,z) 2 U j r�x<xr-y, r�x<xr-z ^ 0�y<r ^ 0�z<r}

Ux2 = {(x,y,z) 2 U j yr-y<x�y ^ z�x<xr-z ^ yr�y>yr-r ^ 0�z<r}

Ux3 = {(x,y,z) 2 U j y�x<xr-y ^ zr-z<x�z ^ 0�y<r ^ zr�z>zr-r}

Ux4 = {(x,y,z) 2 U j yr-y<x�y ^ zr-z<x�z ^ yr�y>yr-r ^ zr�z>zr-r}

Uy1 = {(x,y,z) 2 U j r�y<yr-z ^ r�y�yrx ^ 0�x<r ^ 0�z<r}

Uy2 = {(x,y,z) 2 U j z�y<yr-z ^ xr-x�y<x ^ xr�x>xr-r ^ 0�z<r}

Uy3 = {(x,y,z) 2 U j zr-z<y�z ^ x<y�yr-x ^ 0�x<r ^ zr�z>zr-r}

Uy4 = {(x,y,z) 2 U j zr-z�y<z ^ xr-x<y�x ^ xr�x>xr-r ^ zr�z>zr-r}

Uz1 = {(x,y,z) 2 U j r�z�zr-x ^ r�z�zr-y ^ 0�x<r ^ 0�y<r}

Uz2 = {(x,y,z) 2 U j x<z�zr-x ^ yr-y�z<y ^ 0�x<r ^ yr�y>yr-r}

Uz3 = {(x,y,z) 2 U j xr-x�z<x ^ y<z�zr-y ^ xr�x>xr-r ^ 0�y<r}

Uz4 = {(x,y,z) 2 U j xr-x�z<x ^ yr-y�z<y ^ xr�x>xr-r ^ yr�y>yr-r}

Uin = {(x,y,z) 2 U j 0�x<r ^ 0�y<r ^ 0�z<r}

Uout = {(x,y,z) 2 U j xr-r�x<xr ^ yr-r�y<yr ^ zr-r�z<zr}.

The BBB is represented by a subset UBBB�U, such that UBBB = @ Upl\@ U. This denotes the

border between the blood plasma and the brain ECF, located at distance r from the edges of

the 3D brain unit.

The brain ECF is represented by a subset UECF�U, such that UECF = U\(Upl[UBBB).

Within U we define the following quantities describing drug concentration:

Cpl (x,y,z,t): Upl x Rþ ! Rþ;
CECF (x,y,z,t): UECFx Rþ ! Rþ;
B1 (x,y,z,t): UECFx Rþ ! Rþ;
B2 (x,y,z,t): UECF x Rþ ! Rþ:
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Here, Cpl is the concentration of unbound drug in the blood plasma, CECF is the concentra-

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

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

non-specific binding sites.

2.2 Description of drug distribution in Upl

Based on assumptions 1(i) and 1(iii), we describe the concentration of unbound drug within

Uin by including parameters related to single oral administration [32] using the Bateman func-

tion [33]:

Cpl ¼
FkaDose

Vdðka � keÞ
ðe� ket � e� katÞ for Cpl 2 Uin; ð1Þ

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

elimination rate constant of the drug, Dose the molar amount of orally administered drug, and

Vd the distribution volume, which relates the total amount of drug in the body to the drug con-

centration in the blood plasma. We focus on single oral administration but can also study

other choices.

Fig 2. Front view of the 3D brain unit. Definitions of Upl 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 Uin and the brain capillaries adjacent to Uout.

https://doi.org/10.1371/journal.pone.0238397.g002
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Additionally, based on assumptions 1(iv) and 1(v), we define:

dCpl

dt
¼ � vblood

@Cpl

@x
for Cpl 2 Uxi; for i ¼ 1; 4; ð2Þ

dCpl

dt
¼ � vblood

@Cpl

@y
for Cpl 2 Uyi; for i ¼ 1; 4; ð3Þ

dCpl

dt
¼ � vblood

@Cpl

@z
for Cpl 2 Uzi; for i ¼ 1; 4; ð4Þ

with vblood the blood flow velocity within the brain capillaries and where the initial condition is

given by

Cplðx; y; z; t ¼ 0Þ ¼ 0: ð5Þ

2.3 Description of drug distribution in UECF

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

UECF with the following system of equations:

@CECF

@t
¼

D
l

2
r2CECF � vECF

@CECF

@x
� k1onCECFðB

max
1
� B1Þ þ k1offB1

� k2onCECFðBmax
2
� B2Þ þ k2offB2

@B1

@t
¼ k1onCECFðBmax

1
� B1Þ � k1offB1

@B2

@t
¼ k2onCECFðBmax

2
� B2Þ � k2offB2:

ð6Þ

with initial conditions

CECFðx; y; z; t ¼ 0Þ ¼ 0; ð7Þ

Biðx; y; z; t ¼ 0Þ ¼ 0; i ¼ 1; 2; ð8Þ

where D is the diffusion coefficient in a free medium, λ the tortuosity, vECF the (x-directed)

brain ECF bulk flow, B1
max, the total concentration of specific binding sites within the brain

ECF, k1on the association rate constant for specific binding, k1off the dissociation rate constant

for specific binding, B2
max the total concentration of non-specific binding sites within the

brain ECF, k2on the association rate constant for non-specific binding and k2off the dissociation

rate constant for non-specific binding.

2.4 Boundary conditions

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

boundary between the blood-plasma-domain (Uok) and the brain-ECF-domain (UECF), hence

at UBB as well as at the boundaries of the 3D brain unit (Upl\@ U, UECF\@U).

2.4.1 Drug exchange between Upl and UECF. We describe diffusive transport by the dif-

ference in drug concentrations in CECF and Cpl, multiplied by the BBB permeability, P. In
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addition, we model active transport into and out of the brain ECF with Michaelis-Menten

kinetics, as they are well established and match with most available data on parameters related

to BBB active transport, similar to the approach of [6]. In total, this leads to:

fðu; vÞ ¼ Pðu � vÞ þ
Tm� in

SABBBðKm� in þ uÞ
u �

Tm� out

SABBBðKm� out þ vÞ
v;

with P ¼ Ptransftrans þ Pparafpara;

with Ppara ¼
Dpara

WPCS
;

ð9Þ

with u = Cpl, v = CECF, Ptrans being the permeability through the brain endothelial cells, ftrans

the fraction of the area occupied by the brain endothelial cells, Dpara the diffusivity of a drug

across the paracellular space, WPCS the width of the paracellular space, fpara the fraction of area

occupied by the paracellular space, Tm-in the maximum rate of drug active influx, Tm-out the

maximum rate of drug active efflux, Km-in the concentration of drug at which half of Tm-in is

reached, Km-out the concentration of drug at which half of Tm-out is reached and SABBB the sur-

face area of the BBB.

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

transport with the following boundary conditions (only those for the x direction are given, the

ones for the y and z directions are similar):

� D�
@CECF

@x
¼ fðCpl;CECFÞ for ðx; y; zÞ 2 UBBB at x ¼ r;

D�
@CECF

@x
¼ fðCpl;CECFÞ for ðx; y; zÞ 2 UBBB at x ¼ xr � r:

ð10Þ

For the blood-plasma-domain, Upl, we use the reverse of (10) to describe drug transport across

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

D�
@Cpl

@x
¼ fðCpl;CECFÞ for ðx; y; zÞ 2 UBBB at x ¼ r;

D�
@Cpl

@x
¼ � fðCpl;CECFÞ for ðx; y; zÞ 2 UBBB at x ¼ xr � r:

ð11Þ

2.4.2 Drug exchange at the faces of the 3D brain unit. We use additional boundary con-

ditions to describe the drug concentrations at the sides of the domain. Since we assume that

there is no diffusion in the blood plasma (see assumption 1(v)), we use the following boundary

conditions:

@Cpl

@x
¼ 0; ð12Þ

for (x,y,z) 2 UplnUout \ @U at x = 0 and x = xr,

@Cpl

@y
¼ 0; ð13Þ
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for (x,y,z) 2 UplnUout \ @U at y = 0 and y = yr,

@Cpl

@z
¼ 0; ð14Þ

for (x,y,z) 2 UplnUout \ @U at z = 0 and z = zr.

In addition, we define:

Cpl ¼ 0; ð15Þ

for (x,y,z) 2 Uout \ @U.

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

n � rCECF ¼ 0 for ðx; y; zÞ 2 UECF \ @U ð16Þ

and where n is the normal vector on UECF\@U.

2.5 Model parameter values and units

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

suitable for data from human or other species as well, but we have chosen for the rat as for this

species most data is available. The distance between the brain capillaries in the rat brain is on

average 50 μm, while the brain capillaries have a radius of about 2.5 μm [34–37]. Therefore, we

set the radius of the brain capillaries, r, to 2.5 μm and the dimensions of the 3D brain unit in

the x, y and z directions, xr, yr and zr respectively, to 55 μm.

In our model, we use Eqs (1)–(5) to describe drug concentration within the blood plasma,

with boundary conditions described in Eqs (11)–(15). We describe the concentration of drug

within the brain ECF with Eqs (6)–(8) with boundary conditions described in (9), (10) and

(16). The range of values we use for the parameters in the model as well as their units are given

in Table 1 below. This range is based on values found in the literature (from experimental

studies), which we also give in the table. The literature does not provide values on the kinetic

parameters related to non-specific binding kinetics (B2
max, k2on and k2off). Therefore, we base

the choices of these values on earlier articles that assume that drug binding to specific binding

sites is stronger than to non-specific binding sites, while non-specific binding sites are more

abundant [31, 38, 39].

3 Model results

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

time profiles within the brain ECF (brain ECF PK). In addition, we study the distribution of

the drug within the 3D brain unit. We first nondimensionalise the system of equations and

boundary conditions by scaling all variables by a characteristic scale, see S1 Appendix for

details. Next, in order to perform simulations, we discretise the nondimensionalised system

spatially, using a well-established numerical procedure based on finite element approximations

[66]. After weighing accuracy and computational cost, as well as taking into account that small

changes in resolution of the computational mesh should not substantially affect the simulation

results, we chose a resolution of 18 lines per dimension to proceed with in the simulations. We

present the results using the parameters with dimensions. The output of the simulations are

the concentrations of free, specifically bound and non-specifically bound drug, given in μmol

L-1 over time (s).

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

are specific for this drug, provided that parameter values for this drug are known. In the pres-

ent study, however, we choose to study generic parameter values that are in the middle of the
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physiological ranges given in Table 1. This allows us to perform a sensitivity analysis and study

the effect of parameter values at both extremes of the physiological range on the behaviour of

the model. We use, unless otherwise indicated, the parameter values that are given in Table 2.

In the following sections, we show the impact of the brain capillary blood flow velocity

(vblood) in the absence of active transport (section 3.1), the impact of active transport (section

3.2) and the impact of vblood and active transport combined (section 3.3) on blood plasma and

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

unbound drug, specifically bound drug and non-specifically bound drug in the middle of

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. All parameters depend on both drug-specific

and system-specific properties, except for dcap,r, vblood, vECF, Tm-in, Tm-out, SABBB,B1
max and B2

max, which depend on

system-specific properties only.

Parameter Unit Range of values Ref.

F, bioavailability - 0-1 [32]

Dose μmol 10-1-102

Vd, distribution volume L 0.05-5 [40]

ka, absorption rate constant s-1 0-2�10-3 [40]

[20]

ke, elimination rate constant s-1 5�10-5-3�10-2 [40]

[20]

dcap, intercapillary distance m 2�10-5-7�10-5 [34]

[41]

r, brain capillary radius m 0.8-4.8�10-6 [41]

[37]

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

D� ¼ D
l2, effective diffusion coefficient m2s-1 10-11-10-10 [42]

[43]

vECF, brain ECF bulk flow velocity m s-1 5�10-8-5�10-6 [44]

[45]

P, 3D passive BBB permeability1 m s-1 10-10-10-5 [46]2

Tm-in, maximal active influx rate μmol s-1 10-8-10-5 [47]

Km-in, concentration needed to reach half of Tm-in μmol L-1 101-104 [48]

Tm-out, maximal active efflux rate μmol s-1 10-8-10-5 [47]

Km-out, concentration needed to reach half of Tm-out μmol L-1 101-104 [48]

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

B2
max, total concentration non-specific binding sites μmol L-1 1�101-5�103 [31]

k2on, non-specific association constant (μmol L-1s)-1 10-6-101 [31]

k2off, non-specific dissociation constant s-1 10-4-103 [31]

1This value is the apparent (experimentally measured) overall passive permeability [46].
2 [49–52]
3 [53–58]
4 http://www.k4dd.eu and [59]
5 [60–64], [65]
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.

https://doi.org/10.1371/journal.pone.0238397.t001
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UECF, where x; y; zð Þ ¼
xr
2
;
yr
2
;
zr
2

� �
as well as those of unbound drug in the blood plasma in the

middle of Ux1, where x; y; zð Þ ¼
xr
2
; r

2
; r

2

� �
, on a log-scale versus time. Drug distribution profiles

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

3.1 The effect of the brain capillary blood flow velocity on brain ECF PK

within the 3D brain unit

The impact of the brain capillary blood flow velocity, vblood, on brain ECF PK within the 3D

brain unit is evaluated. Parameters are as in Table 2 and we thus assume that there is no active

transport, i.e. Tm-in = 0 and Tm-out = 0. Here, we focus on the effect of vblood on brain ECF PK

in the middle of the 3D brain unit. We show the concentration-time profiles of unbound, spe-

cifically bound and non-specifically bound drug (CECF, B1 and B2, respectively) within the 3D

brain unit on a larger time-scale, for several values of vblood. We do so for the default value of

the passive permeability P (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), in Fig 3 (right). The lowest value of vblood is outside the known physiologi-

cal ranges (see Table 1), but we choose it as vblood is predicted to mostly impact drug concen-

trations in the brain when P is much higher than vblood [67, 68]. The total passive permeability,

P, includes both transcellular and paracellular permeability. The paracellular space may

increase due to disruption of the tight junctions in certain disease conditions, thereby allowing

larger molecules to pass through and increasing paracellular transport [69, 70]. We can tune

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

ke s-1 5�10-5

Vd 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

fpara 0.006

ftrans 0.994

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

B2
max μmol L-1 5�101

k2on (μmol L-1s)-1 1�10-2

k2off s-1 1

https://doi.org/10.1371/journal.pone.0238397.t002

PLOS ONE A 3D brain unit model to further improve prediction of local drug distribution within the brain

PLOS ONE | https://doi.org/10.1371/journal.pone.0238397 September 23, 2020 11 / 24

https://doi.org/10.1371/journal.pone.0238397.t002
https://doi.org/10.1371/journal.pone.0238397


our model and separate between transcellular and paracellular transport, as we do in S2

Appendix. In the current section we proceed with the total passive BBB permeability.

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

in Fig 3 demonstrate that vblood impacts short-time (t = 0-100 s) behaviour only when it has

extremely low values (vblood�0.5�10-4 m s-1), as depicted in the insets of Fig 3 by the yellow and

purple lines, respectively. The impact of vblood on CECF, B1 and B2 is independent of the values

of P (compare the left and right insets of Fig 3). The effects of P on drug concentrations within

the brain ECF are similar to those found with our proof-of-concept 2D model [31]: for a high

value of P, the attained values of CECF and B2 are higher and follow Cpl, while their decay is

faster than for a low value of P. In addition, the�90% maximum value of B1, i.e. values of B1

that are more than 90% of the maximum value attained during the simulation (B1�90% max

(B1)), is attained shorter for a high value of P than for a low value of P.

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

minimal. According to the Renkin-Crone equation [67, 68], the brain capillary blood flow

affects drug influx, depending on the permeability of the BBB. This is also demonstrated by

our model, and we show that vblood affects drug influx across the BBB in S3 Appendix.

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

a short time-range (t = 5 to t = 25). There, Cpl is plotted along the capillaries starting at Uin

(where drug enters the unit) to Uout (where drug exits the unit). We measure the distance from

Uin, where the total distance between these points is 150 μm. Drug can be transported along

Fig 3. The effect of the brain capillary blood flow velocity, vblood (m s-1), on the log PK of Cpl (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.

https://doi.org/10.1371/journal.pone.0238397.g003

PLOS ONE A 3D brain unit model to further improve prediction of local drug distribution within the brain

PLOS ONE | https://doi.org/10.1371/journal.pone.0238397 September 23, 2020 12 / 24

https://doi.org/10.1371/journal.pone.0238397.g003
https://doi.org/10.1371/journal.pone.0238397


several pathways, but in Fig 4a the values of Cpl are given along the pathway indicated in Fig

4b. When vblood = 0.5 (left), there are clear differences between Cpl in Uin (Distance = 0) and

Cpl in the opposite corner (Distance = 150) at the time-points shown. However, as Cpl

increases over time, the differences in Cpl become small relative to the value of Cpl. Fig 4c

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

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

unbound drug in the blood plasma and the brain ECF, respectively. When vblood = 0.5�10-4 m

s-1, the transport time of drug between Uin and the opposite corner is higher than when vblood

= 5�10-4 m s-1. This is depicted in Fig 4c, where at t = 5, drug concentrations within Upl are

equal for a high brain capillary blood flow velocity (vblood = 50�10-4 m s-1), while local differ-

ences in Cpl still exist for a low value of vblood (vblood = 0.5�10-4 m s-1). The value of vblood also

affects local concentrations of CECF. For a low value of vblood (vblood = 0.5�10-4 m s-1), values of

CECF at t = 5 are overall low, but highest in the corners closest to Uin. For higher values of vblood

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

in the corner close to Uin.

3.2 The effect of active transport on the drug concentrations within the

brain ECF

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

tion of drug needed to reach half of the maximal transport rate (Km), see section 2.4.1. We first

focus on active influx, such that Tm-out = 0. We vary Tm-in, which denotes the maximal rate of

active transporters moving drug from the blood plasma into the brain ECF. Fig 5 shows the

effects of increasing values of Tm-in (starting at Tm-in = 0, i.e. no active influx) on CECF (top), B1

(middle) and B2 (bottom). Fig 5 (top) reveals that an increased value of Tm-in correlates with

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

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

sites are saturated. We find that 90% max(B1) is attained longer for a higher Tm-in. Fig 5

Fig 4. Changes in Cpl 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 Uin to Uout along which Cpl is plotted. b) Cpl is plotted

against time (timepoints from 5 to 25) along the distance shown in (a). c) Distribution profiles of Cpl (red) and CECF

(blue) of the 3D brain unit at t = 5. Darker shades of red and blue correspond to higher values of Cpl and CECF,

respectively.

https://doi.org/10.1371/journal.pone.0238397.g004
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(bottom) shows that higher values of Tm-in correlate with higher values of B2 and thus a greater

occupancy of non-specific binding sites. The non-specific binding sites within the brain ECF

become saturated with drug when Tm-in is sufficiently high (Tm-in = 100�10-7 μmol s-1). To eval-

uate the effect of active efflux on drug concentrations within the brain ECF, we repeat our sim-

ulations with Tm directed outward, i.e. with Tm-out = 0-100�10-7 μmol s-1 and Tm-in = 0. Fig 6

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

(Cpl, 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.

https://doi.org/10.1371/journal.pone.0238397.g005
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(top) shows that CECF decreases faster for higher values of Tm-out, corresponding to more active

efflux. Fig 6 (middle) reveals that Tm-out affects the time during which specific binding sites are

saturated: the time at which B1 attains 90% max(B1) is smaller for a high value of Tm-out. For

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

shows that B2 is similarly affected by active efflux as CECF.

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 (Cpl, 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.

https://doi.org/10.1371/journal.pone.0238397.g006
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3.3 The effect of the brain capillary blood flow velocity in the presence of

active transport

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

blood flow velocity, vblood, affect dug brain ECF PK in the absence of active transport. Here, we

study how P and vblood combined with active transport affect drug PK within the brain ECF.

Fig 7 shows the log plot of CECF for vblood = 5�10-4 m s-1 (top) and vblood = 0.5�10-4 m s-1 (bot-

tom) and for P = 0.1�10-7 m s-1 (left) and P = 100�10-7 m s-1 (right) in the presence of active

influx, i.e. for various values of Tm-in (Tm-out = 0). Note that the vertical scale is the same in all

plots. Fig 7 shows how P and vblood affect the impact of Tm-in on brain ECF PK. A smaller value

of vblood only slightly reduces CECF when Tm-in is sufficiently high (Tm-in�10�10-7 μmol s-1), see

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

When the BBB is very permeable, like for drugs that easily cross the BBB, such as phenytoin

[27, 71], active influx needs to be fast to have any effect, as drug can easily pass the BBB to flow

back into the blood plasma. As shown in Fig 7, right, in the presence of a high value of P, Tm-in

only (slightly) affects CECF when it is 10�10-7 μmol s-1 or higher.

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

efflux, i.e. for various values of Tm-out (Tm-in = 0). Fig 8 reveals that vblood does not affect the

impact of Tm-out on CECF. This is expected, as vblood mainly affects Cpl, while active efflux

depends on CECF. The passive permeability P does affect the impact of Tm-out on CECF. If P is

high, drug can easily flow across the BBB back into the brain ECF, following the concentration

gradient between the blood plasma and the brain ECF, thereby countering the effect of Tm-out.

Fig 8 (top right) shows that for a high P, CECF is only affected by Tm-out when its value is higher

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

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

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

Tm-in and Tm-out. Fig 9 shows cross-sections (for y ¼ 1

2
yr and z = 0) of the 3D brain unit at

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 (Cpl, 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.

https://doi.org/10.1371/journal.pone.0238397.g007
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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 (Cpl, 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.

https://doi.org/10.1371/journal.pone.0238397.g008

Fig 9. The distribution profiles at cross-sections (at y ¼ 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.

https://doi.org/10.1371/journal.pone.0238397.g009
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t = 5, in which the distribution of Cpl and CECF is plotted. The values of Cpl and CECF are repre-

sented by shades of red and blue, respectively, where darker shades indicate higher concentra-

tions. In Fig 9a (left) we give a plot for a default P and vblood (Fig 9a, left). Then, we decrease

vblood (Fig 9a, middle) or increase P (Fig 9a, right). For a lower vblood, relative differences of Cpl

over space increase (Fig 9a, middle).

Additionally, due to the decrease in Cpl, local differences in CECF become more apparent. A

larger value of P results in an increased exchange of drug between the blood plasma and the

brain ECF, such that CECF becomes higher (Fig 9a, right).

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

consequence, local differences within UECF become relatively small. With a low value of vblood,

local differences in Upl become apparent (Fig 9b, middle). Finally, Fig 9c shows that with active

efflux, CECF becomes smaller than when no active efflux is present, except for when P is high

and more pronounced.

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

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

Fig 10. Values of CECF (10-3 μ mol 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.

https://doi.org/10.1371/journal.pone.0238397.g010
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the 3D brain unit for several values of vblood and P and t = 500. The table again (as in Figs 7, 8

and 9) shows that vblood and P affect the impact of Tm-in and Tm-out on CECF. It provides addi-

tional information on the distribution of CECF within the 3D brain unit. In general, CECF is

higher in the corners relative to the edge and middle within the 3D brain unit. The extent of

these local concentration differences depends on the values of Tm-in and Tm-out. The differ-

ences are largest when Tm-out = 1�10-7 μmol s-1, depicted in the lowest line of each sub-table.

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

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

depends on the value of Tm-in.

4 Discussion

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

a 3D brain unit as an extension of our earlier 2D proof-of-concept model [31]. The 3D brain

unit is represented as a cube. This new model provides an important step towards more realis-

tic features of the brain. The 3D representation allows for the brain ECF to be represented as a

continuous medium. The brain capillary blood flow and active transport across the BBB have

been explicitly incorporated. This enables us to more realistically predict the impact of the

interplay of cerebral blood flow, BBB characteristics, brain ECF diffusion, brain ECF bulk flow

and brain (target) binding on drug distribution within the brain. Altogether our model allows

the study of the effect of a large amount of parameters values (summarized in Table 1) on drug

distribution within the 3D brain unit.

The current modelling work is based on certain assumptions (Assumptions 1 and 2). We

will shortly discuss their probability and impact (see [72]) below. Assumptions 1(i), 1(ii), 1(iv),

1(v), 2(i), 2(iii), 2(v), 2(vi) and 2(viii) are based on actual physiological processes, adapted to

the simplified geometry of the 3D brain unit. Therefore, these assumptions are unlikely to be

violated, but the impact of violation would be high on the results of the simulations. Assump-

tions 1(iii) and 1(vi) are known to be more complex in real, but are expected to have a small

impact when violated. Assumption 1(vii) is not violated for drugs that do not bind plasma pro-

teins. However, for drugs that do bind plasma proteins, the assumption is likely violated with

an impact to be investigated in future work. In similar fashion, assumptions 2(ii), 2(iv) and 2

(vii) are not violated for drugs that do not cross cells, but it is likely that for drugs that do, they

are violated with an impact to be investigated in future work.

In the present work, we have investigated the properties of the 3D brain unit with a sensitiv-

ity analysis and thus looking at hypothetical compounds. The advantage of studying the model

in this way is that it allows us to investigate a wider range of parameter values than an existing

compound would have allowed. Moreover, the hypothetical compound has parameter values

that are within and on the extremes of the reported physiological ranges and we therefore

believe that it is an accurate representation of reality. The study has focused on the effect of the

newly implemented brain properties on brain ECF concentrations a drug within the brain. It

is shown that the brain capillary blood flow velocity and the passive BBB permeability affect

the concentration of a drug within the brain, and, as anticipated [73, 74] that a low brain capil-

lary blood flow velocity affects the short-term, but not the long-term concentration-time pro-

files of Cpl and CECF (Figs 3 and 4). In addition to the confirmation of these earlier reported

results, our model enables the study of the effects of BBB permeability in conjunction with

other factors, like active BBB transport, on brain ECF PK. It was found that passive BBB per-

meability has a high impact on brain ECF PK, even when drug is actively transported across

the BBB. Moreover, the BBB permeability and, in smaller extent, the brain capillary blood flow

velocity affect the impact of active influx on drug PK within the brain ECF (Figs 7 and 8).
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Interestingly, the brain capillary blood flow velocity, passive BBB permeability and active

transport do not only affect the concentration of drug within the brain ECF, but also its distri-

bution within the brain ECF (Figs 9 and 10). The local differences observed within the 3D

brain unit exist on a relatively small time-scale. It is anticipated that in certain cases, like those

of high drug-target binding or active transport, these differences may also exist on a larger

time-scale, but this requires further investigation.

To ensure the quality of a mathematical model, the model predictions are ideally compared

to experimental data. Validation of the presented model however, describing spatial drug dis-

tribution within the brain ECF, is not straightforward. As experimental data on spatial drug

distribution within brain ECF are not yet available on the level of detail as predicted by our

model, we show results that are new. The results of our simulation are therefore a hypothesis

and serve as a lead for experiments. For the present work, it is already possible to validate parts

of the model. For example, in the current manuscript, we have compared our results on the

effect of brain capillary blood flow on BBB influx with the well-established Renkin-Crone

equation. The results were shown to agree, which supports our hypothesis that our basic

description of blood plasma PK is realistic. Ideally, a thorough interplay between theoretical

and experimental work is developed in future, leading to a gain in knowledge in spatial drug

distribution on the most efficient way possible.

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

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

all these factors can now be studied in conjunction to understand the interdependencies of

multiple brain parameter values and drug properties, as was shown in this work. This makes

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

to represent a larger volume of brain tissue, in which the brain tissue properties for each unit

can be defined independently. With the establishment of the current 3D brain unit model, we

are now ready to incorporate intra-extracellular exchange and drug binding to intracellular

binding sites in future modelling work. As the current model is in 3D, the units can be built

up, and drug distribution within the brain ECF can be described, in all possible directions. The

units may be given different systemic properties (such as the BBB permeability or drug target

concentration), to represent the heterogeneity of the brain in a 3D manner.
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42. Nicholson C, Chen KC, Hrabětová S, Tao L. Diffusion of molecules in brain extracellular space: theory

and experiment. Progress in Brain Research. 2000; 125:129–154. https://doi.org/10.1016/S0079-6123

(00)25007-3 PMID: 11098654

43. Nicholson C, Kamali-Zare P, Tao L. Brain Extracellular Space as a Diffusion Barrier. Computing and

Visualization in Science. 2011; 14(7):309–325. https://doi.org/10.1007/s00791-012-0185-9 PMID:

23172993

44. Saltzman WM. Interstitial transport in the brain: principles for local drug delivery. In: Transport Phenom-

ena in Biomedical Engineering. CRC Press; 2012. p. 158–171.

45. Hladky SB, Barrand MA. Mechanisms of fluid movement into, through and out of the brain: evaluation of

the evidence. Fluids and Barriers of the CNS. 2014; 11(1):1. https://doi.org/10.1186/2045-8118-11-26

PMID: 25678956

46. Wong AD, Ye M, Levy AF, Rothstein JD, Bergles DE, Searson PC. The blood-brain barrier: an engi-

neering perspective. Frontiers in Neuroengineering. 2013; 6:7. https://doi.org/10.3389/fneng.2013.

00007 PMID: 24009582

47. Lentz KA, Polli JW, Wring SA, Humphreys JE, Polli JE. Influence of passive permeability on apparent

P-glycoprotein kinetics. Pharmaceutical Research. 2000; 17(12):1456–1460. https://doi.org/10.1023/

A:1007692622216 PMID: 11303953

48. Hoffmann J, Fichtner I, Lemm M, Lienau P, Hess-Stumpp H, Rotgeri A, et al. Sagopilone crosses the

blood–brain barrier in vivo to inhibit brain tumor growth and metastases. Neuro-oncology. 2009; 11

(2):158–166. https://doi.org/10.1215/15228517-2008-072) PMID: 18780814

49. Takasato Y, Rapoport SI, Smith QR. An in situ brain perfusion technique to study cerebrovascular trans-

port in the rat. American Journal of Physiology-Heart and Circulatory Physiology. 1984; 247(3):H484–

H493. https://doi.org/10.1152/ajpheart.1984.247.3.H484 PMID: 6476141

50. Liu X, Tu M, Kelly RS, Chen C, Smith BJ. Development of a computational approach to predict blood-

brain barrier permeability. Drug Metabolism and Disposition. 2004; 32(1):132–139. https://doi.org/10.

1124/dmd.32.1.132 PMID: 14709630

51. Youdim KA, Qaiser MZ, Begley DJ, Rice-Evans CA, Abbott NJ. Flavonoid permeability across an in situ

model of the blood–brain barrier. Free Radical Biology and Medicine. 2004; 36(5):592–604. https://doi.

org/10.1016/j.freeradbiomed.2003.11.023 PMID: 14980703

52. Summerfield SG, Read K, Begley DJ, Obradovic T, Hidalgo IJ, Coggon S, et al. Central nervous system

drug disposition: the relationship between in situ brain permeability and brain free fraction. The Journal

of Pharmacology and Experimental Therapeutics. 2007; 322(1):205–213. https://doi.org/10.1124/jpet.

107.121525 PMID: 17405866

53. Bruns RF, Daly JW, Snyder SH. Adenosine receptors in brain membranes: binding of N6-cyclohexyl

[3H] adenosine and 1, 3-diethyl-8-[3H] phenylxanthine. Proceedings of the National Academy of Sci-

ences. 1980; 77(9):5547–5551. https://doi.org/10.1073/pnas.77.9.5547 PMID: 6254090

54. Perry DC, Mullis KB,Øie S, Sadée W. Opiate antagonist receptor binding in vivo: evidence for a new

receptor binding model. Brain Research. 1980; 199(1):49–61. https://doi.org/10.1016/0006-8993(80)

90229-2 PMID: 6250676

55. Farde L, Eriksson L, Blomquist G, Halldin C. Kinetic analysis of central [11C] raclopride binding to D2-

dopamine receptors studied by PET—a comparison to the equilibrium analysis. Journal of Cerebral

Blood Flow & Metabolism. 1989; 9(5):696–708. https://doi.org/10.1038/jcbfm.1989.98 PMID: 2528555

56. Levy G. Pharmacologic target-mediated drug disposition. Clinical Pharmacology & Therapeutics. 1994;

56(3):248–252. https://doi.org/10.1038/clpt.1994.134

57. Costes N, Merlet I, Zimmer L, Lavenne F, Cinotti L, Delforge J, et al. Modeling [18F] MPPF positron

emission tomography kinetics for the determination of 5-hydroxytryptamine (1A) receptor concentration

with multiinjection. Journal of Cerebral Blood Flow & Metabolism. 2002; 22(6):753–765. https://doi.org/

10.1097/00004647-200206000-00014 PMID: 12045674

58. Millet P, Graf C, Moulin M, Ibáñez V. SPECT quantification of benzodiazepine receptor concentration

using a dual-ligand approach. Journal of Nuclear Medicine. 2006; 47(5):783–792. PMID: 16644748

PLOS ONE A 3D brain unit model to further improve prediction of local drug distribution within the brain

PLOS ONE | https://doi.org/10.1371/journal.pone.0238397 September 23, 2020 23 / 24

https://doi.org/10.1007/s10910-016-0618-7
https://doi.org/10.1016/j.jconrel.2012.05.039
https://doi.org/10.1016/j.jconrel.2012.05.039
http://www.ncbi.nlm.nih.gov/pubmed/22642931
https://doi.org/10.1371/journal.pone.0026709
http://www.ncbi.nlm.nih.gov/pubmed/22053202
https://doi.org/10.1016/S0079-6123(00)25007-3
https://doi.org/10.1016/S0079-6123(00)25007-3
http://www.ncbi.nlm.nih.gov/pubmed/11098654
https://doi.org/10.1007/s00791-012-0185-9
http://www.ncbi.nlm.nih.gov/pubmed/23172993
https://doi.org/10.1186/2045-8118-11-26
http://www.ncbi.nlm.nih.gov/pubmed/25678956
https://doi.org/10.3389/fneng.2013.00007
https://doi.org/10.3389/fneng.2013.00007
http://www.ncbi.nlm.nih.gov/pubmed/24009582
https://doi.org/10.1023/A:1007692622216
https://doi.org/10.1023/A:1007692622216
http://www.ncbi.nlm.nih.gov/pubmed/11303953
https://doi.org/10.1215/15228517-2008-072)
http://www.ncbi.nlm.nih.gov/pubmed/18780814
https://doi.org/10.1152/ajpheart.1984.247.3.H484
http://www.ncbi.nlm.nih.gov/pubmed/6476141
https://doi.org/10.1124/dmd.32.1.132
https://doi.org/10.1124/dmd.32.1.132
http://www.ncbi.nlm.nih.gov/pubmed/14709630
https://doi.org/10.1016/j.freeradbiomed.2003.11.023
https://doi.org/10.1016/j.freeradbiomed.2003.11.023
http://www.ncbi.nlm.nih.gov/pubmed/14980703
https://doi.org/10.1124/jpet.107.121525
https://doi.org/10.1124/jpet.107.121525
http://www.ncbi.nlm.nih.gov/pubmed/17405866
https://doi.org/10.1073/pnas.77.9.5547
http://www.ncbi.nlm.nih.gov/pubmed/6254090
https://doi.org/10.1016/0006-8993(80)90229-2
https://doi.org/10.1016/0006-8993(80)90229-2
http://www.ncbi.nlm.nih.gov/pubmed/6250676
https://doi.org/10.1038/jcbfm.1989.98
http://www.ncbi.nlm.nih.gov/pubmed/2528555
https://doi.org/10.1038/clpt.1994.134
https://doi.org/10.1097/00004647-200206000-00014
https://doi.org/10.1097/00004647-200206000-00014
http://www.ncbi.nlm.nih.gov/pubmed/12045674
http://www.ncbi.nlm.nih.gov/pubmed/16644748
https://doi.org/10.1371/journal.pone.0238397


59. Dahl G, Akerud T. Pharmacokinetics and the drug–target residence time concept. Drug Discovery

Today. 2013; 18(15-16):697–707. https://doi.org/10.1016/j.drudis.2013.02.010 PMID: 23500610

60. Ivanov KP, Kalinina MK, Levkovich YI. Blood flow velocity in capillaries of brain and muscles and its

physiological significance. Microvascular Research. 1981; 22(2):143–155. https://doi.org/10.1016/

0026-2862(81)90084-4 PMID: 7321902

61. Hudetz AG, Biswal BB, Fehér G, Kampine JP. Effects of hypoxia and hypercapnia on capillary flow

velocity in the rat cerebral cortex. Microvascular Research. 1997; 54(1):35–42. https://doi.org/10.1006/

mvre.1997.2023 PMID: 9245642
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