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Abstract

The treatment for many neurodegenerative diseases of the central nervous system (CNS) involves the delivery of large molecular

weight drugs to the brain. The blood brain barrier, however, prevents many therapeutic molecules from entering the CNS. Despite much

effort in studying drug dispersion with animal models, accurate drug targeting in humans remains a challenge. This article proposes an

engineering approach for the systematic design of targeted drug delivery into the human brain. The proposed method predicts achievable

volumes of distribution for therapeutic agents based on first principles transport and chemical kinetics models as well as accurate

reconstruction of the brain geometry from patient-specific diffusion tensor magnetic resonance imaging.

The predictive capabilities of the methodology will be demonstrated for invasive intraparenchymal drug administration. A systematic

procedure to determine the optimal infusion and catheter design parameters to maximize penetration depth and volumes of distribution

in the target area will be discussed. The computational results are validated with agarose gel phantom experiments. The methodology

integrates interdisciplinary expertise from medical imaging and engineering. This approach will allow physicians and scientists to design

and optimize drug administration in a systematic fashion.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Increasing numbers of people affected by neurodegen-
erative diseases such as Parkinson’s, Alzheimer’s, and
Huntington’s diseases creates a growing need for effective

treatment protocols (NIH, 2007). However, the blood
brain barrier (BBB) prevents large therapeutic molecules
from entering the brain often rendering oral or intravenous
drug administration inefficient. Drug delivery to the brain
also poses a challenge because of individual differences in
brain geometry, the difficulty of extrapolating animal
models to humans, and the complex coupling between
metabolic and transport mechanisms of therapeutic agents.
Therefore, successful treatment modalities of the central
nervous system require novel therapeutic drugs, but also
depend critically on their effective delivery to affected
regions of the brain. A promising approach to drug
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delivery without the need for chemical modifications of
the therapeutic drug includes invasive drug administration.

Invasive techniques insert a dilute drug solution directly
into the extracellular space of the brain via an infusion
catheter on the other side of the BBB. Drug dispersion
within the brain’s extracellular space is due to diffusion and
convection (Rosenberg et al., 1980; Saltzman and Radoms-
ky, 1991; Thorne and Frey, 2001; Pardridge, 1999, 2002).
Heavy molecules like trophic factors diffuse slower than
small molecules such as sucrose. In general, the effective
diffusivity decreases with increasing molecular weight.
However, with convection, even larger compounds can
penetrate deep into the brain. Therefore, convection-

enhanced delivery (CED) has received attention as a vehicle
to by-pass the BBB. The effectiveness of the CED protocol
is a function of catheter placement and orientation,
dimensions, shape, and number of drug release openings;
as well as infusion parameters including injection pressure,
drug release and bulk flow rate (Chen et al., 1999). The
achievable volumes of distribution also depend strongly on
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Nomenclature

CN drug concentration in the cerebrospinal fluid
space, CN ¼ 0 (mol/l)

Cf drug concentration in the clear fluid space (mol/l)
Ct tissue averaged drug concentration (mol/l)
d catheter diameter, d ¼ (1.2, 1.4, 1.6)mm
Db scalar bulk diffusivity, Db ¼ 1.15� 10�10m2/s
De mean effective diffusivity, De ¼ 1.20�

10�11m2/s
De effective diffusion tensor (m2/s)
jJ�1jf determinant of the inverse Jacobian of general-

ized coordinate transformation
k mass transfer coefficient, k ¼ 5� 10�9m/s
kapp lumped first order rate constant, kapp ¼ 0.001 s�1

Ke mean effective hydraulic conductivity,
Ke ¼ 1.12� 10�13m4/N s for gray matter

K hydraulic conductivity tensor (m4/N s)
M molecular weight of the drug, M ¼ 20 000 kg/

kmol
~n normal unit vector at the boundaries (Gv, Gb,

GCin, GCw, GCout)
p interstitial pressure (Pa)
pCSF intracranial pressure in the CSF spaces,

pCSF ¼ 500.0 Pa
pinf infusion pressure (Pa) ¼ simulations conducted

in range from (1000–10 000) Pa
pv venous pressure, pv ¼ 500.0 Pa
Q infusate flow rate, Q ¼ (4.0–6.0) (ml/min)
qA diffusion flux (mol/m2 s)
R metabolic reaction term (mol/l s)
S species loss due to blood clearance, immobiliza-

tion or receptor binding (mol/1 s)

SB bulk fluid clearance from extracellular space
(Kg/m3 s)

t time (s)
~vt superficial fluid velocity in the porous medium

(m/s)
~vf fluid velocity inside the lumen of the catheter

(m/s)
~vp average fluid velocity (m/s)
~x space coordinates, ~x ¼ ðx; yÞ
X0 inlet concentration of the drug in the infusate,

X0 ¼ (3.3–5.0)� 10�3mol/l
Xr relative concentration threshold (mol/l),

Xr ¼ 5% of X0

Xa absolute concentration threshold, Xa ¼ 1.5�
10�4mol/l

Greek symbols

Gb pial boundary
Gv ventricle boundary
GCin catheter inlet
GCw-in catheter inner wall
GCw-out catheter outer wall
GCout catheter outlet
e porosity: ratio of fluid volume to the total

volume, e ¼ 0.26
Z coordinate
m fluid viscosity, m ¼ 0.89� 10�3 Pa s
x coordinate
r fluid density, r ¼ 998.0 kg/m3

t tortuosity: ratio of actual length to hydraulic
length, t ¼ 2.5

f transport quantity
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anisotropy and heterogeneity of the brain tissue near the
injection site and of the targeted brain region.

Previous researchers studied extracellular space diffusion
in terms of the drugs’ molecular weight in relation to
porosity and tortuosity of the brain tissue (Nicholson,
1985). Invasive convection-enhanced drug delivery has been
demonstrated in vivo in animal brains (Bobo et al., 1994;
Morrison et al., 1994; Hamilton et al., 2001). Kalyana-
sundaram et al. (1997) studied the transport of interleukin
in rabbits. Ventriculocisternal perfusion in normal and
hyperosmolar cats provided evidence for bulk flow in the
white matter, while transport in the denser gray matter was
mainly found to be concentration driven (Rosenberg et al.,
1980). Morrison et al. (1999) developed empirical scaling
relationships between catheter diameter and volumetric
flow rate for infusion catheters. Prior experimental studies
record qualitative outcomes with trophic factors on
primate brains (Grondin et al., 2002; Ai et al., 2003; Gill
et al., 2003). Despite many observations and studies, design
of drug delivery parameters remains the domain of
physician’s intuition.

PRE
 The efficiency of molecular transport mechanism varies
greatly in different regions of the brain. Gray matter
comprises mainly the somas of neurons and glial cells. The
effective diffusivity in gray matter is almost the same in all
directions. Thus, transport in the gray matter is isotropic.
White matter contains bundles of axons leading to the
peripheral nervous system. The permeability of the white
matter changes in accordance with directional alignment
and density of axonal fibers. Hence, white matter diffusion
is anisotropic. In addition, white matter properties are
heterogeneous as the density and orientation of the
anisotropic fibers vary spatially (Shimony et al., 1999;
Lebihan et al., 2001; Cao et al., 2003; Lazar et al., 2003;
Zhang et al., 2003). Targeting substructures of the
midbrain like the putamen, globus pallidus, thalamus,
internal capsule, and caudate nucleus is a hard task due to
white matter anisotropy and heterogeneity. Although,
tissue anisotropy can be measured with diffusion tensor
imaging (DTI) and quantified by a second order diffusion
tensor as illustrated in Fig. 1, the fate of the drug as a
function of anisotropic and heterogeneous brain substruc-
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Fig. 1. Map of the eigenvector ellipsoids for each voxel in a coronal human brain section. The zoomed windows (A–C) show for each voxel the local fiber

orientation. The eigenvector ellipsoids of the apparent water diffusion tensors are depicted in three different regions (A—corpus callosum, B—internal

capsule, and C—gray matter regions).
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tures is still poorly researched. While most earlier research
produced experimental observations of drug transport in a
specific animal model, a systematic approach to study the
impact of design parameters on achievable volumes of
distribution in heterogeneous and anisotropic human brain
is currently missing.

Outline. The paper aims at advancing scientific methods
to designing drug delivery therapies for the brain and is
organized as follows. Section 2 will introduce a new
computer-aided brain analysis methodology for predicting
the drug distribution in the human brain supported by
state-of-the-art medical imaging data. Section 3 will
present the computational results to quantify achievable
volumes of distribution for drug delivery modalities as a
function of different infusion parameters. The discussion in
section four suggests recommendations for systematic
design of convection-enhanced drug delivery systems.
Experimental validation for convection-enhanced perfu-
sion of trypan blue dye injected into agarose gel will be
provided in Section 5. The paper closes with conclusions.

2. Methodology

We propose to accurately predict drug dispersion and
pharmacokinetics based on first principles conservation
balances of mass, momentum, and species transport using
in vivo images of the human brain. The novel computer-
assisted brain analysis approach outlined in Fig. 2 takes
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advantage of advances in medical imaging techniques. The
first step entails the collection of medical images by Cine
phase contrast magnetic resonance imaging (MRI), DTI or
computed tomography (CT). The second step, image

reconstruction detects sharp boundaries and surfaces of
the substructures in each patient’s brain. The regularization

step partitions the patient-specific brain geometry com-
posed of surfaces and spaces into small tetrahedral or
quadrangular volumes. The resulting computational mesh
permits finite volume discretization of the governing
conservation balances. The solution of flow physics and
mass transfer equations predicts the dispersion of ther-
apeutic molecules as a function of molecular properties as
well as infusion parameters. The computer-aided brain
analysis enables the systematic design of drug delivery
systems, thus reducing the need for trial-and-error animal
experimentation or intuitive dosing in human trials. A
detailed discussion of each stage of the proposed metho-
dology follows.

2.1. Patient-specific brain imaging data

Accurate prediction of the drug distribution inside the
brain requires a physiologically consistent representation
of the size and shape of the target area. The main brain
dimensions and the specific location of target areas in the
midbrain differ from patient to patient. Thus, patient-

specific parameters are significant for making correct
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