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Modulation of Outflow Resistance by the Pores
of the Inner Wall Endothelium

Mark Johnson,* Andrew Shapiro,* C. Ross Ethierf and Roger D. Kamm*

The juxtacanalicular connective tissue (JCT) is widely believed to generate the bulk of aqueous
humor outflow resistance, while the pores of the inner wall endothelium are thought to generate at most
10% of this resistance in humans. However, the hydrodynamic interaction of these two components of
the aqueous outflow system, which arises because of their spatial proximity, has only recently been
considered. Modelling the JCT as a homogeneously distributed porous material upstream of a low
porosity filter (the inner wall endothelium), the pores of the inner wall are found to cause a "funneling
effect," in which the aqueous humor flows preferentially through those regions of the JCT nearest the
inner wall pores. The bulk of the pressure drop occurs in the immediate proximity of the pores (within
three pore radii). This greatly increases the apparent flow resistance of the JCT. For a set of parame-
ters characterizing the normal eye, this enhancement is approximately 30-fold. The conclusion of this
study is that changes in inner wall porosity may greatly affect aqueous outflow resistance, despite the
low flow resistance of the inner wall pores themselves. Invest Ophthalmol Vis Sci 33:1670-1675,1992

The source of flow resistance in the aqueous out-
flow system of normal or glaucomatous eyes has not
been definitively established, although each of the
components of the outflow pathway have been ana-
lyzed to determine whether they might generate signif-
icant flow resistance. The openings in the corneo-
scleral meshwork are much too large to generate a
significant flow resistance.1 Furthermore, it has been
noted that a widening of these openings associated
with an increase in intraocular pressure is accompa-
nied by a counterintuitive increase in the measured
outflow resistance of the outflow system.2 Porous me-
dia analysis of the juxtacanalicular connective tissue
(JCT)34 indicated that if the apparent open spaces in
this region are not filled with an extracellular matrix
gel, the JCT flow resistance would be two orders of
magnitude less than the measured flow resistance. In
humans, the pores in the inner wall endothelium of
Schlemm's canal generate perhaps 10% of the total
flow resistance.5 Schlemm's canal itself only generates
significant flow resistance when it is substantially col-
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lapsed,26 and the collector channels and aqueous
veins recently have been shown to have negligible
flow resistance7 (although there is some conflicting
evidence from trabeculotomy studies that suggest 25-
50% of the flow resistance may exist in this region).8

Based on such estimates, it has been suggested3 that
the apparently open spaces in the JCT are filled with
an extracellular matrix gel, and that such a gel-filled
JCT is likely to be the major source of flow resistance
in the normal eye.

In general, these models for flow resistance have
considered a single component of the aqueous out-
flow system without considering possible hydrody-
namic interactions between neighboring compo-
nents. In the present study, we consider the JCT and
inner wall of Schlemm's canal as a coupled system
and include the effects of interactions between the in-
ner wall pores and flow through the JCT. This interac-
tion arises because the pores in the inner wall endothe-
lium are small and well separated. Thus, the distribu-
tion of flow within the JCT is unlikely to be uniform
as assumed in previous models.3'4 Rather, flow will be
preferentially directed through those regions of the
JCT in the vicinity of a pore, reducing the effective
cross-sectional area available for the flow of aqueous
humor.9 As will be seen, this "funneling" interaction
markedly increases the effective resistance of the JCT
and implies that the number and size of pores in the
inner wall endothelium might significantly alter total
outflow resistance.
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To model this situation, the JCT is treated as a po-
rous material34 overlying an impermeable substrate
containing pores (the inner wall endothelium). A simi-
lar problem was analyzed by Ethier and Kamm10 us-
ing Darcy's law1' to investigate the flow resistance of a
porous filter cake (eg, macromolecular layer) resting
on a rejecting membrane (eg, Nucleopore polycar-
bonate filter). They found that membrane porosity
can have a strong effect on the effective flow resis-
tance of such a system. However, they did not exam-
ine cases of extremely low membrane porosity appro-
priate for the inner wall endothelium (e « 0.001; see
below). In the present study, we extended their analy-
sis using a numerical solution of Darcy's law and de-
velop an analytical solution in the limit of very low
inner wall porosity. We found that the average dis-
tance between pores in the inner wall endothelium
can dramatically affect JCT flow resistance.

Methods

We consider the JCT to be a homogeneous and iso-
tropic porous material of thickness L with flow enter-
ing uniformly at its proximal surface (z = L) and pass-
ing through to pores located at its distal surface (z = 0)
(the inner wall of Schlemm's canal) (Fig. 1). The inner
wall is assumed to have uniformly spaced pores of
radius a, density (pores per unit area of inner wall) n,
and center-to-center spacing b = l/]/n. It is conve-
nient to introduce the inner wall porosity, e, denned
as the fraction of inner wall area occupied by pores:

€ = tnra2 = ira2/b2 0)

For the purposes of the flow analysis, it is sufficient to
analyze the region surrounding a single pore, having
dimensions bx bXL,as outlined by the dashed lines
in Figure 1.

z = 0

Fig. 1. Computational domain showing the dimensions of the
unit cell (bounded by the dashed lines) used in the analysis. The
JCT fills the region between z = 0 and z = L.

The flow through the porous JCT is modelled using
Darcy's law:11

(2)

where P is the pressure, n the fluid viscosity, K the
hydrodynamic permeability of the JCT, and v the su-
perficial fluid velocity (flow rate per unit area). To
solve this equation, we require boundary conditions
on pressure found in the Appendix. Uniform pressure
(Psc + AP) was specified at the entrance to the JCT,
while the pressure at the pore mouth was specified as
Psc (pressure in Schlemm's canal). The continuity
equation (conservation of mass) is introduced:

V-v = 0 (3)

which, when combined with equation (2), yields La-
place's equation for the pressure distribution:

V2P = 0 (4)

We used the spectral element code NEKTON12 to
numerically solve equation (4) with appropriate
boundary conditions (A1-A5). The parameter-space
investigated is shown in Table I.1314 Note that the
solution of equation (4) for pressure distribution does
not require that the JCT permeability be known; it
only requires that the JCT can be treated as a porous
material in which the flow obeys equation (2). This
assumption has been shown to be valid for a wide
range of connective tissues.15

After the pressure distribution within the JCT is
determined, equation (2) can be used to find the veloc-
ity distribution and hence the flow rate through the
JCT (Q). The resistance (R) of the JCT/inner wall
complex is then determined by dividing the total im-
posed pressure drop across the JCT (AP) by Q: R
= &P/Q. A "resistance enhancement factor" E is de-
fined as:

(5)

where Ro = nL/KA is the flow resistance of the JCT
alone, if the fluid were not forced to funnel through
the pores of the inner wall (A is the cross-sectional
area facing flow). E, therefore, measures to what ex-
tent the flow resistance of the JCT increases as a result
of the presence of the inner wall pores. RQ also is used
to determine a normalized pressure (P):

P =
P — P P — P

R0Q
(6)

where AP0 is the pressure drop that would be gener-
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Table 1. Range of parameters simulated in the current study"

Parameter Typical value Range Comment

Length of JCT (L)
Pore diameter (2a)
Pore density (n)
Interpore spacing (b)
Porosity (t)

10 Mm
1 nm

1500 pores/mm2

25 pm
0.001

8-16 Mm
0.1-3 Mm

1000-2000 pores/mm2

20-30 Mm
0.0002-0.02

Ref. 13
Ref. 5
Ref. 14
From n
Equation (1)

* The typical values were selected as representative and used as the baseline case shown in Figures 2 and 3.

ated by the JCT in absence of the inner wall at the
same flow rate.

Analytic Limit

An approximate analytic solution to equations (4),
(A 1-A5) is possible for the case of very small pore size
(a <̂  L, a <£ b). Because Laplace's equation (4) also is
satisfied by an electrostatic potential, we used the so-
lution for the potential surrounding an isolated con-
ducting circular disk (equivalent to the constant pres-
sure pore) bounded by a semi-infinite space to find:16

vQ
4Ka

(7)

This solution does not include effects due to the JCT
far upstream from the pore mouth. Thus, the solution
becomes less valid as the JCT becomes very thick (L
> a and L > b). This additional flow resistance can be
approximated to be Ro = jxL/KA (one-dimensional
Darcy's law). Multiplying this by Q to find the addi-
tional pressure drop and adding this to (7) yields:

4Ka ira

Note that equation (8) indicates that if

e < a/4L

(8)

(9)

the extra pressure drop due to the pores will be a domi-
nant effect.

Using equation (8), and the definition of the en-
hancement factor E, we find that:

AeL 7 7AnaL
(10)

Predictions from this approximate analytic result
were compared to data from the numerical simula-
tion.

Results

Numerical solution of equations (3) and (4) yields
the velocity and pressure distribution in the JCT for
the typical parameter values given in Table 1. Figure 2

Edge of JCT
( z = L ) 2 0 r

Inner Wall
(z = 0)

Fig. 2. Normalized pres-
sure contours in the JCT in
the neighborhood of a pore.
The parameters used were
the typical set of values
shown in Table 1; the pres-
sure at the entrance to the
JCT(z = L) was 31.2. The
length scales are normalized
by the pore radius. The
shaded area represents the
inner wall.

Pore Centre
(x = 0)

Edge of Domain
( x = b / 2 )
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shows the normalized pressure distribution in the
JCT for the typical parameter values given in Table 1.
One important feature of these results is that most of
the pressure drop occurs within 3 pore radii of the
pore mouth. Note also the magnitude of the total nor-
malized pressure drop. It is approximately 30 times
that which would occur if the flow were not forced to
funnel through the small pore. The pressure remains
near this value (31.2) throughout most of the JCT.
Only in the neighborhood of the pore does the pres-
sure decrease significantly. The velocity distribution
in the JCT for this case (data not shown) exhibits high
velocities only in the vicinity of the pore. Throughout
the remainder of the JCT, the fluid velocities are small
and, at z = L, nearly uniform.

In Figure 3, we plot the resistance enhancement
factor E as a function of interpore spacing (b/L) and
pore radius (a/L). Note that E is significantly greater
than 1 except when b/L <̂  1 (high inner wall pore
density or thick JCT). For the parameters typical of
the normal human eye, the enhancement factor is ap-
proximately 30.

Also shown in Figure 3 is a comparison of the ana-
lytic limit for very small pore size (a<L,a< b; equa-
tion [10]) with the numerical calculations. The agree-
ment is excellent, with enhancement factors always
falling within 2% of the value determined from the
numerical simulation for a/L < 0.1 and a/b < 0.1.

Discussion

Hamanaka and Bill917 observed that following use
of a chelating agent or a proteolytic enzyme, ruptures
of the inner wall endothelium were produced that
changed outflow resistance by an amount greater than
could be accounted for by the apparent flow resis-
tance of the inner wall pores. Furthermore, following
closure of the inner wall ruptures, the resistance
quickly returned to baseline values. Grierson et al18

demonstrated that the reduced outflow resistance as a
result of pilocarpine in the primate eye was associated
with an almost three-fold increase in the inner wall
pore number. These observations led us to consider
the potential for an interactive effect in which the
nonuniform flow within the JCT caused by the low
porosity of the inner wall endothelium might amplify
the effective flow resistance of this region.

Using a simplified but physically realistic model,
we examined the influence of inner wall pores on the
JCT flow resistance. The results were dramatic: The
flow resistance of the JCT was increased 30-fold by
funneling effects due to the pores. This increase was
not due to the flow resistance of the inner wall pores
themselves. Rather, the increased flow resistance was

1000 -3

100-

o '

0.1

a/L = 0.01 p

1
b/L

10

Fig. 3. Graph of the resistance enhancement factor (E: flow resis-
tance of JCT/pore combination relative to that of JCT alone) as a
function of b/L (ratio of interpore spacing to JCT thickness) for
various values of a/L (ratio of pore radius to JCT thickness). The
data points are from the numerical solution (NEKTON), whereas
the lines are the approximate predictions from equation (10). The
arrow points to the result from the set of typical values specified in
Table 1.

the result of a decrease in the effective area through
which the fluid must flow (as opposed to an increased
lateral distance through which the fluid must pass).
We were further able to determine a simple relation-
ship (equation [10]) that allowed us to easily estimate
the magnitude of this effect as pore number (n) or size
(a) change.

This finding must alter the interpretation of pre-
vious examinations of JCT flow resistance34 that did
not account for the interaction between the JCT and
inner wall pores. Results from our model suggest that
the flow through the JCT is highly nonuniform. The
conclusion regarding whether or not the electron lu-
cent spaces in this tissue are gel-filled will need to be
reexamined based on this new information. Our re-
sults suggest, at a minimum, that far less flow resis-
tance than previously thought is required in the
spaces of the JCT, whether open or gel-filled, to gener-
ate a significant pressure drop.

Several limitations of this analysis should be men-
tioned. First, we have assumed that the pores seen in
micrographs of the inner wall endothelium are rela-
tively static, open structures. If the process of vacuole
filling and emptying is dynamic, so that at any given
time some vacuoles are in a filling phase while others
(those with pores) are in an emptying phase, the flow
through the JCT would be more uniform than indi-
cated by our model and the "funneling effect" would
be diminished. Second, the analysis assumes that the
JCT has a uniform permeability, even in the regions
closest to the inner wall, including the vacuoles them-
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selves. As the effects of "funneling" are manifest in
the vicinity of the pores, open spaces in this region
also will diminish the "funneling effect." In a related
study, Ethier et al3 considered the effects of JCT non-
uniformity in their permeability model and found
JCT heterogeneity to have a minimal effect on overall
flow resistance.

It also has been assumed that the pores are of uni-
form size and are uniformly spaced over the inner
wall endothelium. For low porosity (a/b < 1), it can
be shown that the distribution of pore spacing will
have a negligible effect on overall flow resistance, al-
though nonuniform pore distributions certainly will
give rise to significant variability in regional flow. Sim-
ilarly, while the distribution of pore sizes that exist in
the inner wall endothelium will create regional flow
variations, the overall flow resistance can be com-
puted using an appropriate mean value for pore ra-
dius.

As the aqueous humor passes through the pores of
the inner wall of Schlemm's canal, there may be only
a small pressure drop. However, the distant spacing of
these pores leads to funneling of the flow of aqueous
humor through the juxtacanalicular connective tissue
in the region of the pores and greatly increases the
flow resistance of this region. Because the bulk of the
enhanced pressure drop occurs near the pores, the
JCT in the proximity of the pores will have greatly
increased importance in regard to outflow resistance,
and the pores themselves may modulate this resis-
tance. Histologically, the proximity of extracellular
materials to the pores, such as plaque material found
in the JCT and shown to be increased in primary open
angle glaucoma,19 will need to be examined. Further-
more, reports have indicated there is a significant de-
crease in the number of pores in the inner wall endo-
thelium in primary open-angle glaucoma.20 Our cal-
culations indicate that the effective JCT flow
resistance will be inversely proportional to inner wall
pore density, so this could have important implica-
tions for the pathogenesis of primary open-angle glau-
coma.

Appendix

We define our domain to extend throughout the
unit cell shown in Figure 1, with the origin placed at
the center of the pore. Let x and y represent the cross-
sectional coordinates and r represent the radial loca-
tion. To solve equation (2), we require a specification
of pressure or its gradient on all surfaces of the com-
putational domain shown in Figure 1. The appro-
priate boundary conditions become:

P(r <a,z = 0) = Psc

dP
— (x = ±b/2, y,z) =

fiP

— (x, y = ±b/2, z) =

dz
(r > a, z = 0) = 0.

(A2)

(A3)

(A4)

(A5)

P(x, = Psc + &P (Al)

(Al) and (A2) set the pressure drop through the sys-
tem, with (A 1) specifying uniform pressure at the en-
trance to the JCT and (A2) specifying uniform pres-
sure at the pore. Conditions (A3), (A4), and (A5) spec-
ify zero fluid flux through the other boundaries of the
system.

Key words: aqueous outflow resistance, juxtacanalicular
connective tissue, inner wall of Schlemm's canal, hydrody-
namic, porous media, aqueous outflow, pores
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