
Korean J. of Chem. Eng., 13(5), 457-465 (1996) 

PREDICTION OF MACROMOLECULAR TRANSPORT THROUGH THE 
DEFORMABLE POROUS MEDIA OF AN ARTERY WALL BY PORE THEORY 

Woo-Sik  Kim t and John M. Tarbell* 

Department of Chemical Engineering, Institute of Material Science and Technology, 
Kyunghee University, Yongin, Keeheung, Seochun 1, Kyungki-Do, Korea 

*Department of Chemical Engineering, The Pennsylvania State University, University Park, PA 16802, U.S.A. 
(Received 3 April 1996 �9 accepted 16 July 1996) 

Abstract-To determine the transport properties of macromolecules in the media of an artery wall deformed in- 
homogeneously by the transmural pressure, we combine a simple mechano-hydraulic model based on a two parameter 
strain-dependent permeability :function, which was developed by Klanchar and Tarbell [1987], with a pore theory. The 
combined theory allows us to calculate the spatial distributions of porosity, solute partition, pore radius and ma- 
cromolecular solute concentration in the media and their dependence on the transmural pressure. The predictions from the 
pore theory are in good agreement with experimental measurements of sucrose space, albumin space and albumin con- 
centration profiles in the media of rabbit aortas at transmural pressures of 70 and 180 mmHg. The prediction indicates 
that albumin transport through the aortic media is dominated by convection rather than diffusion. It is further de- 
monstrated that the transport properties of planar tissue samples, which are often used in in vitro experimentals, may be 
quile different from those of intact vessels in their natural cylindrical configuration because of the variation in ti,;sue de- 
formation. Using the pore theory we are also able to calculate the interstitial shear stress associated with transmural 
volume flow which may act on the smooth muscle cells residing in the media and find it to be on the order of several 
dyne/em 2. This level of shear stress will stimulate endothelial cells and may also affect smooth muscle cells. 
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INTRODUCTION 

Since it is believed that disease of atherosclerosis is due to 

the abnormal accumulation of macromolecules in the artery 

wall, many studies on the macromolecular transport through 
the artery wall has been rigorously performed. Tedgui and Lev- 

er [1985, 1987] have carried out the albumin transport through 

rabbit aorta media. According to their study the albumin con-. 

centration in media of damaged artery was higher than that in 
media of intact artery and the albumin concentrations in both 

cases were significantly influenced with transmural pressure. 

Curmi et. al [1990] also showed the important role of transmur- 
al pressure on the macromolecular transport in the rabbit aorta 

media. 
To elucidate the mechanism of macromolecular transport through 

artery wall a number of mathematical models have been de- 

veloped. Truskey et al. [1981] and Fry [1985] have presented 
one-dimensional, multilayer models accounting for transport 

resistances associated with the intima (endothelium, basement 
matrix, internal elastic lamina), media and advantitia. Yuan et 

al. [1991] have developed elaborate two-dimensional model:~ 

which describe intimal transport in great detail; accounting for 

lateral convection in the sub-intima, molecular sieving through 

the internal elastic lamina, and leaky endothelial junctions. 

However, all of these models are based on the rigid, non-de- 
formable structure; ye~: the artery wall is clearly a deformable 

elastic structure having internal stresses which depend on the 

tTo whom correspondence should be addressed. 

transmural pressure. Indeed, Tedgui and Lever [1984] have ob- 

served that hydraulic conductivity of the rabbit thoracic aorta 
decreases as the transmural pressure increases, presumably due 

to compaction of the media associated with incre.ased wall 

stress. 
To describe the pressure dependence of hydraulic conductivity 

observed by Tedgui and Lever [1984], a simple mechano-hy- 

draulic model of the arterial media based on a two parameter 

strain-dependent permeability function was developed by Klan- 

char and Tarbell [1987]. By combining this mechano-hydraulic 
model with a fiber matrix theory [Curry, 1984], Kim and Tar- 

bell [1994] have developed the fiber matrix model to predict 

the spatial variation and transmural pressure dependence of the 

medial transport properties (e.g., porosity, pore radius and ef- 

fective diffusivity). 
In the present paper we suggest a pore model which is deriv- 

ed by combination of mechano-hydraulic model with the pore 

theory. This pore model allow us to predict macromolecular 

transport across the artery media as well as to calculate the 
shear stress on pore walls associated with tile transrnural flow, 

and we suggest that this provides an estimate of the shear 

stress imposed on the surface of smooth muscle cells. 

MODEL OF FLOW IN DEFORMABLE POROUS 
MEDIA (CYLINDRICAI~ GEOMETRY) 

The theory to be outlined below applies to the media of an 

intact artery wall in the cylindrical geometry of F'ig. 1. The 
mechano-hydraulic model was derived from combining Darcy's 

457 



458 W.-S. Kim and J. M. Tarbell 

P 

h 

L 

i POROUS MEDIA 

Fig. 1. Cylindrical geometry of  the porous media. 

law for the transmural flow with force balance on the media 
for deformation [Klanchar and Tarbell, 1987] and suggested 
the following expression for the fluid f'lltration velocity.' 

roe,. 
v ,  - - -  (1) 

/ / R i l l  I1 _ 2~_t ) P,,,M 2(Z+G) 

where Pm is the transmural pressure drop across the deformable 
porous media of thickness h, K0 is the permeability of the un- 
derformed media, g is the fluid viscosity, M is a material con- 
stant, and X and G are the Lame constants of the media. Eq. (1) 
shows that the hydraulic conductivity of the media (VflP,) de- 
pends on the transmural pressure difference (Pro). From the 
mechano-hydraulic model the spatial dependence of the per- 
meability in the media was derived as follows [Klanchar and 
Tarbell, 1987], 

K" - R  -a 
- - -  (2 )  

r,o b(a + 2) 

where a and b are constants determined by the boundary con- 
ditions on the inner and outer surfaces of the media which are 
available in Kl~mchar and Tarbell [1987] and Kim and Tarbell 
[1994]. The connection between the phenomenological theory 
outlined above and the pore theory through the permeability 
will result in the expression for transport parameters in the in- 
tact artery media. 
1. P O R E  T H E O R Y  

The pore theory suggested by Anderson and Quinn [1973] 
describes the media as a bundle of straight circular capillary 
tubes. This theory has been used to predict flow and diffusion 
through synthetic membranes. A more realistic description of 
porous media wa,; presented by McKinley et al. [1966] who in- 
troduced a tortuosity factor (x) and a second factor (a), related 
to the pore size distribution and pore geometry, both of which 
would affect the local pressure gradient. Using "t and a the par- 
abolic velocity profile in a pore of radius, U, is expressed as 

dP V,r,  
4u~a , r ~ )  

and the volume flow in a pore, Qp, is then given by 

Q _ozrfr~v(r).rdr= m 4 l_ d P )  
t , - -  J0 8/./ra ~ -  (4) 

If the total number of pores, N, is independent of the de- 
formation of the media, the superficial velocity, V,  can be ex- 
pressed as, 

2g'RL 8#'fl~ - ~  (5) 

where the porosity, e, is defined by 

E= N x q r  (6) 
2nRL 

and L is the length of the cylindrical arterial segment con- 
taining N pores. The shear stress on the wall, %,  can be ob- 
tained from Eqs. (3) and (5) with the result 

Zp,,- 4/JzV~ (7) 
rpe 

By equating the expression for V, in Eqs. (1) and (5), we ob- 
tain a relationship for the permeability in temls of pore theory 
parameters, 

r=  L'r2 (8a) 
8rza 

o r  

Eq. (8b) is identical with the expression for the pore radius of 
the media proposed by McKinley et al. [1966]. The tortuosity 
of the media (x) is the ratio of the actual length of the flow 
path to the linear length of the media and is directly related to 
the structure and porosity of the media. Kim and Tarbell [1994] 
used the following simple relationship between tortuosity and 
porosity, which was suggested by Muhr and Blanshard [1982]: 

1 r= - -  (9) 
E 

The parameter a, which depends on the structure of the 
media, will be assumed constant (independent of spatial po- 
sition) and will be used as an adjustable parameter to fit ex- 
perimental data. Since the spatial variation of s: was determined 
previously [Eq. (2)], the spatial variation of the porosity and 
pore radius can now be determined from Eqs. (2), (6), (8) and 
(9), with the result of 

, ,  R J . 0 )  W--RT 

In Eqs. (10) and (11), the subscript zero denoted the unstrained 
state of the media. 

We will also find it useful to have a pore theory expression 
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for solute porosity, ~,, t'or subsequent comparison of the theory 
with experimental data. As shown by Curry [1984], 

& =q~e (12) 

where �9 is the partition coefficient, which for a circular pore is 
given by 

@=(1 -/5') 2 (13) 

where ~=aJr. and as is the radius of solute. 
The flux equation for a solute in a pore was developed by 

Anderson and Quinn [1973] for a synthetic membrane as fol- 
lows, 

N~ =-kaD~ ~ R  + k j C C  (14) 

where C is concentration of solute in the pore, D~ is the dif- 
fusivity of the solute in dilute bulk solution and V is the mean 
fluid velocity in a pore (V =Qp/rcr~) which is related to su- 
perficial velocity through the porosity (V~ =eV). L and k~ are 
the integrated lag and inverse drag coefficient, respectively, 
which were defined by Anderson and Quinn [1973] using the 
equation of motion of a spherical particles in a cylindrical tube 
and evaluated by Deen [1987] with a center line approximation 
as, 

2 ; 'o~ K_,}dy= K-l k~ =-~ (15) 

4 k~=-~ J"~ O(l - r~):~:,=(2- ~)o (16) 

In Eqs. (15) and (16), Y is defined as r/r, and K and G are drag 
and lag coefficients, respectively, which have been provided by 
Happel and Brenner [1986] as follows: 

K- ~ = 1-2.10444/3 + 2.08877/~ - 0.948 l 3/~ - 1.372/~ 
+3.87~--4.19;fl '~ (17) 

G= 1 - 2  13_0 1628/Y~_0.a059/Y+0.5236/~+l.51/~0+... (18) 
3 

Eqs. (17) and (18) are in good agreement with the exact theory 
of Haberman [Happel and Brenner, 1986] for 0<[~<0.6, but for 
higher values of [3 there may be significant deviations. As we 
shall see, in fitting arterial wall mass transport data for albumin 
we will encounter [3>0.6, and in such a case interpolation of 
Harberman's exact values for K ' and G will be employed. 

At steady state the mass balance for solute in the media is ex- 
pressed as, 

dNm~N~ =0 (19) 
dR 

Inserting Eqs. (6) and 04)  into Eq. (19) we arrive at 

d Re D~ka dC d RLV, C=0 (20) 
dR r dR dR 

The term D~.k,/z corresponds to the effective diffusivity of the 
porous media derived by Truskey et al. [1981]. Based on the 
form of Eq. (20), a dimensionless Peclet number, indicative of 
the relative roles of convection to diffusion in the overall trans- 
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Fig. 2. Planar geometry of the porous media. 
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port process, can be defined as follows: 

k~V~h 
N~ - - -  (21) 

~D~ k a/z 

Using the equation for spatial variation of the transport prop- 
erties obtained previously, Eq. (20) can be solved numerically 
to obtain the solute concentration profile in the porous media 
even if it is deformed inhomogeneously. 

MODEL OF FLOW IN DEFORMABLE POROUS 
MEDIA (PLANAR GEOMETRY) 

Transport experiments are often conducted[ with excised ar- 
terial tissue samples that have been cut lengthwise and mount- 
ed flat against a rigid porous support as shown schematically 
in Fig. 2 [Bratzler, 1974; Harrison and Massaro, 1'976]. The 
transport theory developed in the preceding section for the cy- 
lindrical geometry will be outlined below for the planar case. 
As we shall see, there are significant differences in the trans- 
port properties of the tissue in these two configurations. 

Applying Darcy's law, force balance and strain dependent 
permeability function for the planar geometry, the :superficial 
velocity and permeability of the media are easily calculated 
[Klancher and Tarbell, 1987], 

V~ = wo(X+ 2G ) In / (;,1.+20) ] (22) 
#Mh 

K" _ ( ProM "~(~/h-1) 
(Z+ 2G) ) (23) 

Combining Eq. (23) with pore theory will giw." the ex- 
pression for the spatial dependence of the transport properties 
in the media. 
1. Pore Theory 

The pore theory is independent of tire overall tissue geome- 
try and remains that defined by Eq,;. (5)-(9) vAth R replaced by 
x. Making the same assumptions as outlined previously and 
combining the pore theory equation with Eq. (23), we obtain 
the spatial dependence of the pore: radius and porosity in the 
media as follows: 

re - (1 P,,M I 1/S(~/h-I} 
rio (Z+ 2G) ) (24) 
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_ rp (25) 

The mass balance for the solute in the media takes a form 
analogous to Eq. (20) for the cylindrical geometry, 

d D~ka dC d 
- -  e - - -  ~ V~ C = 0 (26) 
dx r dx dX 

The previously developed expression for the lag and drag 
coefficients [Eqs. (17) and (18), respectively] are also used for 
the planar media. 

COMPARISON W I T H  E X P E R I M E N T A L  DATA 

1. Cyl indrical  Geometry  
The only comprehensive set of data available for evaluation 

of arterial wall transport theories was obtained by the group at 
Imperial College, London. Tedgui and Lever [1984] measured 
filtration velocity (V 3 in cylindrically mounted intact rabbit 
thoracic aortas at 70 and 180 mmHg. Caro et al. [1981] meas- 
ured sucrose space (el and albumin space (E,) in the media of 
intact rabbit thoracic aortas at 0, 70 and 180 mmHg, and Tedgui 
and Lever [19851 determined the concentration distribution of 
albumin in the ,;ame vessels and at the same pressures. 

In Eq. (3) the deformation parameters ~Jla and for intact rab- 
bit aorta are evaluated by Kim and Tarbell [1994] with ex- 
perimental data of Tedgui and Lever [1984] and Baldwin et al. 
[1992]. These evaluated parameter values provide the best fit 
to the hydraulic conductivity with the experimental data. 

The adjustable parameters of the pore theory (~o and or) are 
determined by fitting the e and e, data of Tedgui and Lever 
[1987]. It should be noted that Tedgui and Lever [1987] pro- 
vide spatially averaged values of s and G across the media of 
the intact aorta. Thus, we integrate the spatial distributions of 

and e, over the media to obtain spatially averaged values for 
comparison with the data. In the performing these calculations, 
we have used the data of Tegui and Lever [1984] to determine 
pressure drop across the endothelial layer which is required for 
calculation of the superficial velocity Eq. (3). The theoretical 
predictions anti data are compared in Fig. 3 where it is ap- 
parent that the pore theory, is in accord with the data over a 
broad range of transmural pressures. The adjustable parameters 
are ~,=0.43 and c~=0.97. 

The albumin transport experiments of Tedgui and Lever 
[1985] were conducted so that the diffusive flux was directed 
from outside of the wall to lumen while the convective flux, 
driven by the lransmural pressure gradient, was in the opposite 
direction. In the experiments the distribution of relative al- 
bumin concentration (C,/Ch), that is the ratio of alburnin con- 
centration in the medial tissue (C,) to that in the bulk solution 
(C~), was measured at 70 and 180 mmHg. For comparison of 
our predictions with the data, the solution of governing equation 
[Eq. (20)] giving the interstitial albumin concentration (C) is 
converted to the relative concentration eC/C,,. The predictions 
of relative albumin concentration distribution are compared to 
the data in Fig. 4.. The predictions are based on the assignment 
of boundary wdues of the relative concentration at (R-  R,)/h=0 
and 1. The adjustable parameters were set at the same values 
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Fig. 3. Comparison between the predictions and experimental 
data [Tedgui and Lever, 1987] for sucrose porosity (~) 
and albumin porosity (e,) in the rabbit aortic media. 
Curves 1 and 2 are predictions of pore theory for E and 
G, respectively, with G=0.43 and c~=0.97 ~ .  :;~ and []-ex- 
perimental data for e and e,, respeetively. 

required to fit and data (Fig. 3) and no other parameters were 
adjusted. It is apparent from the shapes of the concentration 
profiles that convection is the dominant transport mechanism at 
both 70 and 180 mmHg. The pore theory is in excellent agree- 
ment with data at 70 mmHg, but predicts too great a role for 
convection at 180 mmHg. It should be noted that the pre- 
diction of albumin transport in the intact aorta media by the fi- 
ber matrix theory is in good agreement with the data at 180 
mmHg bul underestimates the relative importance of convec- 
tion at 70 mmHg [Kim and Tarbell, 1994]. 

Actually, since the artery media is compose(] of various kinds 
of muscle fibers and elastins and has a complex internal struc- 
ture, it may be not proper to simply assume that the defor- 
mation modulus and elastic properties in the media may be 
homogeneous. Thus, the deformation of media under the trans- 
mural pressure could not be exactly described by the simple 
mechano-hydraulic model and it may result in the deviation of 
pore model prediction of albumin concentration profile from 
the experimental data. 

The relative importance of convection predicted by the pore 
theory is reflected in the computed Peclet munbers. The pore 
theory predicts Peeler numbers of 5.65 and 17.12 at 7(1 and 180 
mmHg, respectively while, according to Kim and Tarbell [1994 l, 
the fiber matrix theory predicts Peclet numbers of 3.50 and 7.7(I 
at the same transmural pressures. Tedgui and Lever [1985] 
predicted Pe=4.12 at 70 mmHg and Pe=4.65 at 180 mmHg by 
curve fitting their experimental data to the convective-diffusion 
equation of a non-deformable material. The pore theory pre- 
dicts the magnitude of the Peclet number reasonably well, but 
it overpredicts the sensitivity to transmural pressure. 
2. Transport  Properties  Based on Pore Theory 

Using characteristic parameters of the rabbit thoracic aorta as 
described above we have calculated the spatial dependence of 
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Fig. 4. Comparison between the predictions and experimental 

data [Tedgni and Lever, 1985] for albumin concentra- 
tion distributions in the rabbit aortic media, predictions 
with adjustable parameters of G=0.43 and ~=0.97 /~. o - 
experimental data at 70 mmHg and [] -at 180 mmHg. 

porosities (~ and r and the pore radius (r,) as displayed in 

Figs. 5 and 6. "Ihese properties are all very weakly dependent 

upon position. ',~. and ~;, are moderately dependent on the 
transmural pressure, but r,, is relatively insensitive, raring by 

only 10% as pressure is varied between 180 mmHg and 70 

mmHg. The effective diffusivity for albumin (D~IW~) is also in- 

sensitive to position having a value of 1.7x 10 '~" m-'/s at 70 

mmHg and 0.84x 10 ':: mZ/s at 180 mmHg. These values are 

in close accord with estimates for rabbit thoracic aortas in vivo 

(1.1• 10 '-" m"/s] presented by Truskey et al. [1981] obtained 

by fitting the convective-diffusion equation to albumin con- 

centration profiles. These diffusivity values are of course much 

lower than the wdue for albumin in aqueous solution 6.8• 10 '~ 

m:/s [Truskey et al., 1981]. 
From the pore theory model the shear stress on the media 

wall can be predicted. The theory shows that the pore wall 
shear stress is also insensitive to spatial position, but varies 

from 0.1 N/m-" at 70 mmHg to 0.3 N/m:" at 180 mmHg. 

It must be emphasized that the transport properties, although 

dependent on the transmural pressure, are predicted to be in- 

sensitive to spatial position within the media in the cylindrical 

geometry. This is consistent with observations of Truskey et al. 

[19811, Tedgui and Lever [1984] and others, that medial con- 

centration profiles are Fit very well by classical convective-dif- 
fusion theory with constant effective transport properties. As 

we shall see, this is not the case for transport in the planar 

geometry of Fig. 2. 

3. Planar Geometry 
Even though the planar geometry is often used for in vitro 

measurement of transport in the artery wall, a comprehensive 

set of experimental data giving the porosity and solute trans-- 

port within the arterial media in the planar geometry has not 
yet been reported. Thus, for prediction of transport properties 

in planar media, the same parameter values obtained previously 
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Fig. 5. Porosity distributions in the cylindrical aortic media pre- 
dicted by the pore theory. 
-- sucrose porosity (e) and .... albumin porosity (G). a: 70 

mmHg, b: 180 mmHg. 

for the intact cylindrical rabbit aorta are employed. In per- 

meability studies of Klanchar and tarbell  [1987] and Kim and 

Tarbell [1994] the modulus of the media (HA=X+G) was reduc- 

ed to reflect the fact that tissue becx~me more deforrnable after 

reduction of hoop stress in the relaxed planar geometry. Klan- 
char and Tarbell [1987] suggest a value of Hal471 and Kim 

and Tarbell guess the value of HA/2300 to actually provide the 
best fit to water flux data available in the planar geometry 

[Bratzler, 1974]. Thus, we consider the sam,." reductions of the 

media modulus to predict the albumin concentration distribu- 

tion and transport properties in the planar media. 
4. Transport Properties Based on the Pore Theory 

In Fig. 7 the prediction of the pore radius is displayed as 

function of spatial position in the media at the transmural pres- 
sure differences of 70 and 180 mmtlg. The spatial distribution 
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Fig. 6. Pore radius distribution in the cylindrical aortic media 
used to predict the transport properties in the media. 
l: 70 mmHg, 2:180 mmHg. 
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Fig. 7. Pore radius distribution in the planar at 70 mmHg ( - - )  
and 180 mmHg (---). 
1: Reduction factor=l.0, 2: Reduction factor=471, 3: Reduc- 
tion factor=2300. 
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Fig, 8. Porosity distributions in the planar media predicted by 

the pore theory at 70 mmHg ( ) and 180 mmHg (---). 
1: Reduction factor=l.0, 2: Reduction factor=471.0 and 3: 
Reduction factor=2300.0. (a) Sucrose Porosity and (b) Al- 
bumin Porosity. 

of pore radius is greatly affected by reduction of the modulus 

of the media. "I~e pore radius is insensitive to spatial position 

in the stiff material (reduction factor of 1.0), but becomes in- 
creasingly more sensitive to position as the material becomes 

more deformable (reduction factor increases). At a reduction 

factor of 2300, the result reveals that the pore radius becomes 

smaller than the radius of albumin (a~=35A) over a region of 

the media of the media near the grid, and zero solute porosity 

is predicted as Shown in Fig. 8. 
The distribution of pore wall shear stress is displayed in Fig. 

9, and it is also expected to become more sensitive to position 

with the reduction of the modulus. The pore wall shear stress 
in the planar media is predicted to have a similar value in the 

cylindrical geometry for the same value of the media modulus 

and transmural pressure differential. 

In Fig. 10, the predicted relative albumin concentration dis- 

tribution in the media is displayed for two different cases in 
which the bulk concentrations (C,>) of the bathing solutions on 

upstream (x/h=l) and downstream (x/h=0) sides of the porous 

media have been specified. In one the convective transport of 
albumin is in the opposite direction of the diffusive transport 

(Ch=l.0 at xPa=0 and C~=0.05 at x/h=l) and in the other case 
both transport mechanisms are in the same direction (C~=0.05 
at x/h=0 and Cb=l.O at x/h=l). For both cases of the boundary 

conditions, convective transport dominates diffusive transport, 

and this trend becomes more dramatic with the reduction of the 
modulus of the media (c.f, Fig. 10). Consequently, these pre- 
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Fig. 10. Albumin concentration distributions in the planar media 
predicted by the pore theory. 
--- boundary condition set for diffusive flux opposite to 
convective flux; boundary condition set for diffusive 
and cxmvective fluxes in the same direction. 

dictions of the pore theory in planar geometry of the media im- 

ply that the concentration distribution is highly dependent on 
tissue stiffness and the dominant contribution to the overall 

transport is shifted from the convective to diffusive transport as 

the tissue becomes softer. 

DISCUSSION 

In this study a mathematical model to predict the variation of 

transport properties in deformable porous media resulting from 

changes in the transmural pressure was developed by using the 

pore theory. The pore theory required the determination of two 

adjustable parameters from the comparison of  model pre- 
dictions with experimental data. Predictions by the pore theory 

showed good agreement with limited experimental data for the 

porosity and albumin partition and fair agreement for the al- 

bumin concentration distribution in rabbit aortic media. 

Since the pore model describes tlhe media as a bundle of cap- 

illary tubes having a single pore size, this model is limited in 
its ability to predict the transport of solutes over a wide range 

of molecular size. To overcome the shortage of the pore model 
the multiple discrete pore sizes or a continuous distribution of 

pore sizes following some reasonable distribution can be con- 
sidered. However, these approaches have not been considered 

here, but would be worth investigating if a nmre extensive data 

base were available to allow discrimination among various mod- 

els. 
One advantage of the pore theory is that it provides a means 

of estimating the shear stress imposed by transmural flow on 

the surfaces of the solid components of the media by means of 

the pore wall shear stress. The magnitude of the predicted pore 
wall shear stress in the rabbit aortic media (0.1-0.3 N/m 2) is in 

the range which is known to affect endothelial cells m vitro [Jo 

et al., 1991]. At present, the sensitivity of smooth muscle cells 

which reside in the media to shear stress is not known quan- 

titatively. However, it has been shown that smooth muscle 
cells in culture will respond to shear stress (cell washing), dis- 

playing rapid and significant increase in cytosolic free calcium 
and sodium [Garay et al., 1989]. If the calculated pore wall 

shear stress is to act fully on the surface of smooth muscle 

cells, then it is implicit that the flow is predominantly around 
the cells and not through them. Whether or not this is the case 

is not known directly at the present time. However, it is be- 

lieved that more than 90% of the transmural flow passes 

around and not through endothelial cells [Renkin and Curry, 
1979]. This situation may be similar for simihr muscle cells. 

According to the pore model we have developed, in the cy- 

lindrical arterial configuration under conditions of normal or 
elevated transmural pressure, the medial tissue of the rabbit aor- 

ta is quite stiff and resists compaction by the transmural flow. 

The result is that the properties of tissue (porosities and dif- 
fusivity) do not vary significantly with the position across the 

media, although they are sensitive to the transmural pressure. 

The model makes the interesting prediction that when the ax- 

ial and hoop stresses on the media are relaxed, as in the planar 

experiments with excised tissue, and the tissue becomes softer 

(more deformable), significant compaction of the media can oc- 
cur. This results in large spatial variations of the tissue prop- 

erties, and some marked differences in the predictions of al- 
bumin concentration distributions between the pore theory (pre- 

sent study) and the fiber matrix theory [Kim and Tarbell, 1994]. 

Unfortunately, experimental data are not currently available 
which allow us to judge the accuracy of these predictions. 
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NOMENCLATURE 

a~ 

C 

Cr 

C~ 

D,tt 
U~ 
h 
k 

L 
Iq 

M 
P~ 
R, 
V~. 

radius of solute 
concentration of solute per unit void space in the media 
(interstitial solute concentration) 
tissue cortcentration 

: bulk concentration 
: effective diffusivity 
: free diffusivity of solute 
: thickness of the media 
: Kozeny constant 
: lag coefficient 
: drag coefficient 
: material constant 
: transmural pressure 
: inside radius of the cylindrical media 
: fluid filtration velocity 

Greek Letters 
E : porosity of media 
E~ : solute porosity of the media 

: partition coefficient 
~; : permeability of the media 

: viscosity of fluid 
: dilation of the media 

"c : tortuosity of the media 

Subscript 
0 : indicates the unstrained state 
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