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Abstract

Water diffusion within the structure of a brain extracellular space is analyzed numerically for various diffusion parameters of brain tissue
namely extracellular space porosity and tortuosity. An algorithm for predicting diffusion pattern of water molecules within human brain
considering the mechanics of water diffusion within porous media is developed. The extracellular space is modeled as a homogeneous
porous medium with uniform porosity and permeability. Discretization of the fluid flow, heat transfer and mass transport equations is
achieved using afinite element scheme based on the Galerkin method of weighted residuals. Concentration maps are devel oped in this study
for various clinical conditions. The effect of the space porosity and the turtousity on the heat and mass transport within the extracellular
space are found to be significant. The results presented in this work play an important role in producing more effective imaging techniques
for brain injury based on the apparent diffusion coefficient. © 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Magnetic resonance imaging (MRI) is a powerful tech-
nigque for the in vivo measurement of the diffusion of water
and intracellular metabolites. Recently diffusion-weighted
magnetic resonance imaging (DW-MRI) has become valu-
able research and clinical imaging modality for the non-
invasive detection and characterization of cerebral isch-
emia. Diffusion-weighted imaging, which is based on the
molecular diffusion coefficient in vivo, is sensitive to cere-
bral ischemia within minutes of the onset of stroke. This
technique shows superior capabilitiesin the early prediction
of the brain stroke compared to the conventional imaging
techniques such as T,-, T,-weighted magnetic resonance
imaging and CT for patients not receiving any treatment [1].
Moreover, DW-MRI technique provides significant infor-
mation about the structure and the spatial organization of
the brain tissue compartments and about the water exchange
between these compartments in normal and diseased states
[2]. Strong magnetic field gradient pulses are incorporated
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into an imaging pulse sequence to obtain the images. In a
diffusion-weighted image, areas with fast diffusion are dark
because they are subject to greater signal attenuation, while
bright areas are associated with slow diffusion process.

To increase our understanding of the cellular response to
pathologic conditions especially the prediction of the acute
ischemic stroke, the apparent diffusion coefficient (ADC) is
determined in the brain tissue. This term is used to quanti-
tatively analyze the results of diffusion in vivo and accord-
ingly helps in the early diagnosis of stroke, assessment of
white matter diseases and monitoring of tissue temperature
change during hyperthermia or laser surgery. It has been
reported in the literature that several minutes after the onset
of the stroke, there is a significant drop in the apparent
diffusion coefficient.

The significant changes in the apparent diffusion coeffi-
cient (ADC) of water that occur in ischemic brain are of
considerable importance. Several studies have been con-
ducted in the literature to better understand the mechanisms
that account for the changes seen in the ischemia. The
leading hypothesis suggests that cellular swelling associated
with the failure of the ionic gradient across the cell mem-
brane resultsin an increase in extracellular (ECYS) tortuosity
of the diffusion paths. Others suggest that the influx of
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Nomenclature

D Diffusion coefficient
€, €, unit vectors in the radia, and angular direc-
tions, respectively

g gravitational acceleration vector

Gre  solutal Grashof number, g BcAC TV

Gry Grashof number, gB;ATrIV?

k thermal conductivity

Le Lewis number, a/D
buoyancy ratio, BcAC/BAT = Gr/Gry
dimensionless pressure

r  Prandtl number, v/«

i inner cylinder radius

LR v i

-

ro  outer cylinder radius

R radii ratio, rr;

S Schmidt number, v/D

t time

T temperature

u, v. nondimensional velocity components in the ra

dial, and angular directions, respectively.
u velocity vector
X,y Cartesian coordinates
X, Y dimensionless coordinates.

Greek Symbols

a thermal diffusivity

Br thermal expansion coefficient
Bc  solutal expansion coefficient

p,  density at reference temperature

K permeability

€ porosity

0] angular coordinate

U} stream function

0 dimensionless temperature, (T — T)/(T; — Ty)
v kinematic viscosity

Subscripts

i inner cylinder
o] outer cylinder

fast-diffusing extracellular water, that occurs during cellular
swelling, increases the proportion of water in the intracel-
lular space (ICS), which is more restricted and viscous than
the extracellular space (ECS). Norriset a. [3] and Latour et
al. [4] concluded that the ADC drop in stroke is due to an
increase in the tortuosity of the available pathways for fast
diffusion within the extracellular space. Moseley et a. [5],
Mintorovitch et a. [6] and Benveniste et al. [7] referred the
reduction in the ADC to the cell swelling which causes
water molecules to move from extracellular space to the
intracellular space, where the diffusion process may be
slower, so the overall ADC drops. Helpern et al. [8] have
suggested that the reduction in the cell membrane perme-

ability causes a significant decrease in the apparent diffu-
sion coefficient (ADC) after acute injury.

Moseley et a. [9] demonstrated for the first time that
diffusion-weighted imaging (DWI) could detect ischemic
stroke within minutes of vascular occlusion. Since then
DWI has become an integral part of the evaluation of
ischemic stroke particularly under acute conditions. CT and
conventional MR sequences are insensitive to early isch-
emic changes whereas DWI has been shown to be positive
within as early as 30 min in humans. DWI is ideal for the
evauation of patients with acute ischemic stroke because of
its high sensitivity and specificity, and very short imaging
times which make it highly resistant to patient motion, a
common problem with imaging stroke patients. However,
diffusion imaging is not perfect. Although an early drop in
diffusion was initialy thought to represent a marker of
inevitable and irreversible neuronal death, reported cases of
reversibility of diffusion abnormalities indicate that diffu-
sion abnormalities represent ischemic injury that may be
reversible. The challenge is to develop DWI into a quanti-
tative method for measuring ischemic injury, which could
serve as the basis for intervention, therapy and prediction of
outcome.

The signal changes seen with DWI appear to be the result
of cytotoxic edema. Occlusions of cerebral vesselslead to a
decrease in cerebral blood flow, which results in disruption
of energy metabolism. Disruption of the Na’lK ATP pump
leadsto loss of ionic gradients and anet influx of water from
the extracellular space to the intracellular compartment
where mobility of water isrestricted. Thisleadsto thesigna
changes on DWI and ADC imaging. As soon as the circu-
lation is re-established assuming the tissue is viable, energy
metabolism begins to recover, theion pumps are reactivated
and water and ion equilibration occurs. Reversal of ischemic
injury results in reversal of diffusion abnormalities. It has
been suggested that it is possible to establish a direct rela-
tionship between the diffusion properties and the metabolic
state of tissue using ADC imaging. Back et al. [10] showed
that the reduction of the ADC reflects the region of histo-
logic injury, breakdown of energy metabolism and tissue
acidosis. If this can be done in vivo, this could allow for
possible quantification of ischemia and determination of
viable tissue versus irreparably damaged brain tissue thus
determining which patients would benefit from treatment
and which may be harmed.

The development of high field (HF) MRI has ushered in
an opportunity for high sensitivity events to be monitored.
The advantages of HFMRI such as signal to noise will help
to bring insight into the physiologic basis of diffusion im-
aging. For example, the nature of the diffusion process and
its multiexponential behavior could better be discovered at
high field. Diffusion images acquired at high field would
also be able to account for mechanisms such as extracel lular
porosity (ECS) induced contrast. Such images will more
accurately represent the examined tissues. Once ECS is
accounted for an in-vivo DWI, its capability for clinica



K. Khanafer et al. / Magnetic Resonance Imaging 21 (2003) 651-661 653

Fig. 1. A human cadaver head image acquired at 8 Tedlain axial direction
just superior to the lateral ventriclesA stimulated echo diffusion weighted
(STE-DWI) sequence with the following parameters were used TR = 1000
ms, TE = 75 msec, 8 = 5-30 mT/m, A = 40 ms, FOV = 20 cm, dlice
thickness = 2 mm.

diagnosis will be greatly enhanced. We propose diffusion
studies at high field in order to incorporate ECS clinicaly
relevant to DWI images. Our initial results are promising in
the sense that DWI weighted images possess contrast that
has not previously been observed at lower fields, see Fig. 1.
In this Figure, an axial image of a human cadaver taken at
8 Tedlais shown. Thisimage was acquired using stimulated
echo (STE) with pulsed field gradients with diffusion gra-
dient strength producing b values up to b = 1000 mm?.
Such diffusion sequence, however, will not be practical for
in-vivo human applications because of long acquisition
times and motion. Nevertheless, the valuable information
that HF DWI contains calls for a further examination of
diffusion technique and modification of diffusion-based
pulse sequences. A closer look at Fig. 1 shows high signal
intensity from the cerebral spinal fluid (CSF) spaces. Also,
the white matter/gray matter is well differentiated. In addi-
tion, the gray/white boundary is exquisitely visualized. This
may be due to the structural differences such as density and
porosity patternin gray matter leading to greater signal 1oss.
The image has a resolution of 390 micron in-plane which is
much higher (10 to 20 times) than the routine DWI images
acquired at 1.5T. This image indicates that HF DWI could
emerge as a useful imaging method for non-invasive eval-
uation of the motion of water at the molecular level in the
brain. Through HF DWI, it is possible to more accurately
measure diffusivity, which is a measure of the magnitude of
the diffusion. Increased diffusivity is observed as a result of
a change in the microstructural environment secondary to
the tissue pathology.

In the neuroscience context, the extracellular space
(ECS) constitutes the microenvironment of brain cells. It is
a conduit for cellular metabolities, a channel for chemical

signaling mediated by volume transmission, and a route
for drug delivery [11]. Therefore, the extracellular space
represents a significant communication channel between
neurons, and between neurons and glial cells [12,13,14].
From a physical perspective, the extracellular space of
the brain resembles that of a porous medium. The diffu-
sion process within the extracellular space affects the
activity level of the substances in the ECS and their
movement toward the adjacent neurons and glial cells
and the access of neurohormones released from axons to
the capillaries [15]. Any change in the parameters that
influence the diffusion process within the ECS can sub-
stantially affect the intercellual signal transmission. Such
parameters include the porosity of the ECS (the void
volume of the tissue which is available for diffusion of
substances) and the ECS tortuosity. Nicholson and Phil-
lips [16] conducted a study on the diffusion in the brain-
cell microenvironment using the simple diffusion equa-
tion in a simple medium with an effective diffusion
coefficient and with an altered source term. Da and
Miura[17] built alattice cellular automate model for ion
diffusion within the brain-cell microenvironment and
performed numerical simulations using the correspond-
ing lattice Boltzmann equation. The effects of the tortu-
osity and the volume fraction on the movement of ions by
diffusion is analyzed.

Recently, Khanafer et a. [18] studied numerically water
diffusion within the brain in the absence of porous me-
dium for a wide range of pertinent parameters such as
Lewis number, cell volume, and the buoyancy ratio. The
results show that the diffusion coefficient, cell volume,
and the buoyancy ratio play significant roles on the char-
acterization of the mass and heat transfer mechanisms
within the cell. The objective of the present study is to
obtain a detailed understanding of the factors that affect
ADC of water in brain tissues. The extracellular milieu of
a neurone contains ions, metabolic substrates and neuro-
active compounds that change dynamically during neural
activity and can significantly influence the transmission
of information in the nervous tissue. Diffusion processis
a crucial factor in the distribution of the extracellular
substrates and accordingly the determination of the ef-
fects of the porosity and the tortuosity on the diffusion
process within the brain structure is one of the objectives
of thisresearch. In this work we propose an algorithm for
predicting diffusion pattern of water molecules within
human brain considering the mechanics of water diffu-
sion within porous media Modeling will use simple
structures as well as structures with complexities com-
parable to human brain. The model will evaluate the
major challenges in applying such atool to pathology, in
particular stroke. Solutions to current challenges in mod-
eling diffusion for human cerebral tissue for the purpose
of developing a technique sensitive to tissue viability
after ischemic stroke will be proposed.

The model will ultimately lead into anew MRI technique
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Fig. 2. Schematic of the physical model and coordinate system.

with the ability to identify the “death domain” for brain
cells. This condition, in which a cascade of molecular
events is initiated causing a process of self-destruction by
the cell, has never been visuaized in human or animas
before. In fact, by specific modeling of the diffusion mech-
anism and peculiarities in porous media and ability to trans-
late these effects into imaging contrast we could develop a
technique for visualization of apoptosis.

2. Mathematical formulation

Consider atissue model in which the brain is represented
by two horizontal concentric cylinders filled with a fluid-
saturated porous medium. The geometry of the problem and
the coordinate system are shown in Fig. 2. The porous
medium of porosity & and permeability « is saturated with
an incompressible Newtonian fluid. Variable porosity
model is incorporated in this investigation to illustrate its
effects on the tissue’ s apparent diffusion coefficient (see for
instance, Vafai [19,20]). The fluid contained within the cell
is assumed to be laminar. The inner cylinder of radiusr; is
kept at a higher temperature and concentration (T; and C))
while the outer cylinder of radius r, is kept at lower tem-
perature and concentration T, and C).

The variation in the thermophysical properties of the
fluid is considered in this investigation. The density varia-
tion in the buoyancy force is approximated according to the
Boussinesq approximation. This variation, due to both tem-
perature and concentration gradients, can be described by
the following equation:

p=pdl—Br(T—Ty) — Bc(C ~Co)] @

where B and B¢ are the coefficients for thermal and con-
centration expansions, respectively:

Br= 1<ap) Be= 1(ap> @
! po \OT P.C © po \dC' PT
To render the equations nondimensional, the following
dimensionless parameters are used:

R _ I R To 1u- (uvr,  tayRaPr
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The mathematical formulation for the present investigation
taking into account the above mentioned assumptions is
written in nondimensional form based on the analysis pre-
sented by Vafai and Tien [21] as follows:

V-u=0 (4)
au vp 4 Vau su &%F ul

—= - - — — ulu

ot \/a Da\/GI’T \//D_a

+ 9([6 + NC]cos e, — [0 + NC]sin de,)

©)

(ﬂ+ (u-V)T) _ v (6)
ot ~ Pr\Gry

(—C+ (u-V)C) __v¢ )
at ~ Sc\Gry

where u isthe velocity vector (u, v) and N is buoyancy ratio,
N = B:ACY/BLAT = Gr/Gr, The nondimensiona param-
eters in the above equations are Darcy number Da, Da =
k/r2, Grashof number Gry, Gry = gB(T,—To)r/v?, Prantl
number Pr, Pr = v/, and Schmidt number S, Sc = v/D,
respectively. In these equations k, v, D, and a are the
permeability of the porous medium, kinematic viscosity,
diffusion coefficient, and the thermal diffusivity of thefluid,
respectively. B+ and 3, are the thermal expansion and the
solutal expansion coefficients, respectively. F is a function
that depends on the Reynolds number and the microstruc-
ture of the porous medium [21] and € is the porosity. It
should be noted that the convective terms in the generalized
momentum equation, Eq. (5), are dropped based on the
analysis given by Vafa and Tien [21].

The medium permeability x and the geometric function
F aregivenin (Vafa [19], Vafa [20], Amiri and Vafai [22],
and Amiri et a. [23])

ed? 1.75

TI50L- e \15057 ©®

K

Theinitial conditions for the present investigation are given
by

u=v=6=C=0 at=0 9

The boundary conditions for the problem under consider-
ation are expressed as.

r.
u=v=0,C=6=1 atRi=r—' (10)

u=0,v=0,C=9=0 aR,=1 (12)
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Present Barbosa and Saatdjian [26]

Fig. 3. Comparison of the streamlines and isotherms between the present
solution and that of Barbosa and Saatdjian [26] in a porous horizontal
cylindrical annulus (Ra = 100, R/R; = 2).

3. Numerical method

A finite element formulation based on the Galerkin
method will be employed to solve the governing equations
subject to theinitial and boundary conditions for the present
study. The application of this technique iswell described by
Taylor and Hood [24] and Gresho et a. [25] and its appli-
cation is well documented [26]. The highly coupled and
non-linear algebraic equations resulting from the discretiza-
tion of the governing equations are solved using an iterative
solution scheme using the segregated solution algorithm.
The advantage of using this method is that the global system
matrix is decomposed into smaller submatrices and then
solved in a sequential manner. This technique will result in
considerably fewer storage requirements. The conjugate re-
sidual scheme is used to solve the symmetric pressure-type
equation systems, while the conjugate gradient squared is
used for the non-symmetric advection-diffusion-type equa-
tions. A variable grid-size system is implemented in the
present investigation especially near the walls to capture the
rapid changes in the dependent variables. Extensive numer-
ical experimentation is also performed to attain grid-inde-
pendent results for all the field variables. When the relative
change in variables between consecutive iterations is less
than 10~®, convergence is assumed to have been achieved.

The validation of the present numerical code is per-
formed against the work of Barbosa and Saatdjian [27] in a
porous horizontal cylindrical annulus for aradius ratio of 2
and a Rayleigh number of 100 as shown in Fig. 3. The
comparison shows excellent agreement between the present
result and other works available in the literature. Moreover,
the validation of the numerical code was performed against
the work of Weaver and Viskanta [27] in the absence of
porous medium as shown in Fig. 4. It can be seen from this
Figure that the solution of the present numerical codeisin
excellent agreement with the numerical and experimental
results of Weaver and Viskanta[28] for Grashof numbers of
Gr; = 5.88 X 10° 9.31 X 10° and buoyancy ratios of N =
0.55, —1.85.

Weaver and Viskanta (numerical) [27]

Weaver and Viskanta (experimental) [27]

Present study
-2
W iin = —2.89%10 “,p . =0)

-2
(Wiin = 0, W ax =2.53%x10 7)

"""\

~

——

0.0237

Toms
%

Gr=931x10°,N =—-1.85

Fig. 4. Comparison of the streamlines between the present numerical
solution and that of Weaver and Viskanta [27].

4. Discussion and results

Diffusion process within the extracellular space is sim-
ulated numerically in the present investigation for various
pertinent parameters. These parameters include the effect of
the extracellular space porosity and turtousity, permeability
of the porous medium (Darcy number), Lewis number,
Buoyancy ratio, and Grashof number.

The effect of the porosity of the extracellular space on
the isoconcentrations, streamlines, and isotherms contours
isshown in Fig. 5. Porosity is defined asthe ratio of the void
volume to the total volume of the extracellular space. Asthe
porosity increases, the void volume increases and accord-
ingly more open space is available for the fluid to move in
the extracellular space. Moreover, it is clear that for higher
porosity, the resistance forces created by the porous medium
are less significant leading to higher dimensionless veloci-
ties as illustrated by higher fluid circulations. For lower
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Fig. 5. The effect of the porosity on the isoconcentrations, streamlines, and
the isotherms (Da = 1073, Gr = 10% Le = 1.0, N = 1.0).

values of porosity, Fig. 5 showsthat the diffusion processis
slow in the extracellular space.

The effect of the Darcy number on the isoconcentrations,
streamlines and the isotherms isillustrated in Fig. 6. Darcy
number measures the permeability of the porous medium
and accordingly the resistance to the flow velocity through
ECS. For large Darcy number (Da = 10~ ?), the permeabil-
ity of the medium is large which results in higher heat and
mass transfer rates within ECS as depicted in Fig. 6.
However, as the Darcy number decreases, the convective
heat transfer process suppresses within the ECS as well
as the mass transfer of the substance and this is associ-
ated with alower permeability. In addition, it can be seen
from this figure that as the Darcy number decreases, the
isoconcentration and the isotherm patterns change signif-
icantly resulting in a pure diffusion regime. In this case,

Da =107

(v= 1.623x107%)) 0

Da=10"

Da=10"

Fig. 6. Effect of the Darcy number on the isoconcentrations, streamlines,
and the isotherms (Gr = 10%, Le = 1.0, N = 1.0, ¢ = 0.2).

isoconcentrations and isotherms resemble concentric cir-
cles for small Darcy numbers. This is due to the bulk
damping caused by the presence of the porous matrix.
Fig. 6 illustrates that the circulation of the fluid within the
ECS substantially reduces as the Darcy number de-
creases.

The effect of the Darcy number on the velocity com-
ponents of the fluid within the extracellular space is
depicted in Fig. 7. It is clearly seen in this figure that the
velocities within the ECS are substantially decreased as
the Darcy number decreases. For small values of the
Darcy number (Da = 10 °), the fluid experiences a
pronounced large resistance as it flows through the po-
rous matrix causing the flow to cease in the bulk of the
cavity. In this situation, the convective heat transfer
mechanism is completely suppressed as well as the ther-
mosolutal activities indicating pure heat and mass diffu-
sion regimes in the ECS.

The influence of the thermal Grashof number on the
isoconcentrations, streamlines and the isotherms is
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Le=10,N=1.0,¢ = 0.2).

shown in Fig. 8. It iswell known that the Grashof number
characterizes the influence of the external forces on the
convective motion within the extracellular space. For a
Grashof number of 10* Fig. 8 indicates that the heat
transfer and the mass transfer processes within the space
is mainly by diffusion. Asthe Grashof number increases,
the intensity of convection motion as well as the mass
transfer of the species enhances within the ECS. High
velocity fluid motion is experienced within the ECS for
higher Grashof numbers resulting in thinner mass and
thermal boundary layers as shown in Fig. 9. This situa-
tion should be monitored carefully by an imaging system
to categorize and correlate it against the brain disorders.

The influence of varying Lewis number (Le = «/D) on
the concentration maps, streamlines, and isotherms is
illustrated in Fig. 10. Lewis number is defined as the ratio
of thermal diffusivity to solutal diffusivity. For a Lewis
number of one, heat and solute diffuse in equal extent,

Gr=10° c (|\y =2.78x107 ]) 0

Gr=10*

Gr=10° (¥ =1.01x107))

Fig. 8. Effect of the Grashof humber on the isoconcentrations, streamlines
and isotherms (Da = 1073, Le = 1.0, N = 1.0, ¢ = 0.2).

Gr=10’ U(j6.68x10‘3|) V(-1.13x107,1.52x107?)
Gr=10* U(’2.57>< 107))
Gr=10° U(|5.o4x 10'2[) V(-5.53x1072,7.06x107?)

Fig. 9. Effect of Grashof number on the velocity components (Da = 10~
Le=10,N= 10, ¢ = 0.2).



658 K. Khanafer et al. / Magnetic Resonance Imaging 21 (2003) 651-661

Le =0.001 C (¥ =822x107) 0

Le=0.1 (|‘I":8.25><10‘3|)

Le=1.0
Le=10.0 ([W:S.OleO”‘)
Le =100.0 (¥ =436x107)

Fig. 10. Effect of Lewis number on the isoconcentrations, streamlines and
isotherms (Da = 103, Gr = 10*, N = 1.0, 8 = 0.2).

which leads to exactly identical heat and mass transfer
fields as shown in Fig. 10. For small value of the Lewis
number, the water transport in the extracellular space
occurs mainly by diffusion. As the Lewis number in-
creases, the solutal boundary layer thickness decreases
resulting in amass transfer enhancement within the brain.
The reduction in the diffusion coefficient is due to the
effect of the tortuosity. Tortuosity is a measure of the
hindrance imposed by cellular structures of the brain and
the connectivity of the spaces on the fluid as it moves
randomly in the void spaces. As the turtousity of the
extracellular space increases, the apparent diffusion co-
efficient of water decreases and accordingly affects the
water movement within the ECS. The effect of Lewis
number on the fluid circulation and the flow velocity
within the ECS is clearly shown in Figs. 10 and 11.
The effect of varying the concentration between the inner
and outer surfaces of the cell on the isoconcentrations,

Le =0.001 U(2.22x107) V(-3.34x107%,4.54x107%)
Le=0.1

Le=1.0

Le =10.0

Le =100.0 ’U(1.37 x1o*2|) V(—1A72><0'z,2.32><10'2)

Fig. 11. Effect of Lewis number on the velocity components (Da = 10~ 3,
Gr =104, N =10,& = 0.2).

streamlines, and isotherms as well as the velocity compo-
nents is shown in Figs. 12 through 15. The variation in the
concentration is represented by a non-dimensional parame-
ter N that characterizes the ratio between solutal and thermal
buoyancy forces. For negative values of the buoyancy ratio
(N < 0), depending on the value of the concentration ex-
pansion coefficient 3. the solutal buoyancy force reverses
the thermal buoyancy force as shown in Fig. 12. For larger
negative values of the buoyancy ratio (N = —5) higher heat
and mass transfer gradients exist due to dominant mass
species buoyancy force. Aninteresting situation is observed
in Fig. 12, which is related to the buoyancy ratio N = —1.
This scenario illustrates that both solutal and thermal buoy-
ancy forces cancel each other resulting in primarily heat and
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Fig. 12. Effect of negative buoyancy ratio on the isoconcentrations, stream-
lines, and isotherms (Da = 102, Gr = 10% Le = 1.0, ¢ = 0.2).

mass transfer diffusion processes as indicated by a motion-
less fluid within the brain. This scenario is clearly shown in
Fig. 14, which represents the velocity components for var-
ious buoyancy ratios. For buoyancy ratio N = —1, the fluid
within the brain is essentialy stagnant.

Figs. 14 and 15 show the effect of positive buoyancy
ratio on the isoconcentrations, streamlines, and isotherms
aswell asthe velocity components within the ECS. When
N is sufficiently small, the buoyancy forces that drive the
fluid motion is mainly due to the temperature gradients.
As such, the thermal buoyancy force drives the fluid
motion and the distribution of the constituent does not
influence the flow pattern and heat transfer rate in the
brain. As the buoyancy ratio increases, the solutal con-
tribution is no longer negligible and cooperates with the
thermal contribution to increase the convective ampli-
tude. Asaresult, diffusion processis overwhelmed by the

V= )

7o

U(5.9x107)) V(-9.2x107,6.6x107)

U(7.6x107) V(-12x107,8.5x107?)

Fig. 13. Effect of negative buoyancy ratio on the velocity components (Da
=103 Gr = 10*, Le = 1.0, & = 0.2).

combined effects of the solutal and thermal buoyancy
forces. Furthermore, as N — oo, the solutal force prevails
and the extracellular space becomes solute regime as
depicted in Fig. 14. It is evident from Fig. 15 that as the
buoyancy ratio increases the fluid velocity intensifies
within the brain.

5. Conclusions

Diffusion-weighted magnetic resonance imaging offers
an effective technique in the assessment of brain stroke.
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Fig. 14. Effect of positive buoyancy ratio on the isoconcentrations, stream-
lines, and isotherms (Da = 103, Gr = 10%, Le = 1.0, ¢ = 0.2).

Mapping of the calculated apparent diffusion coefficient
can be useful in improving the detection and character-
ization of central nervous system injury. Water diffusion
process within the extracellular space is simulated in this
work for various pertinent parameters such as porosity,
turtousity, Darcy number, diffusion coefficient, Grashof
number and the buoyancy ratio. Concentration maps for
various clinical conditions are developed and analyzed
in the present investigation. The present results show
that the diffusion process is dominant within the extra-
cellular space for significantly small Darcy numbers
(small permeability). Furthermore, the results show that
the diffusion process is overwhelmed by the effect of the
solutal buoyancy force for high Lewis number (higher
solute transport relative to the thermal diffusion). The
present investigation helps in understanding the chal-
lenges in applying such a tool to pathology, in particular
stroke.

N=0 U(II.ZXIO’Z') V(-1.7x102,2.4x107?)

V(-8.5x107,12x107")

U(7.6% 1072))

Fig. 15. Effect of positive buoyancy ratio on the velocity components (Da
=103 Gr = 10, Le = 1.0, ¢ = 0.2).
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