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The structure of the juxtacanalicular meshwork (JCM) was analyzed morphometrically, and the resulting
data were used to calculate the resistance to flow through this tissue. Two models of the JCM were
presented and compared. In the first (Model A), aqueous humor was assumed to flow via open channels
within a solid framework, while, in the second (Model B), these open spaces were assumed to be filled
with extracellular matrix gel. An expression giving the resistance of such a gel as a function of gel
concentration was presented and tested on corneal and scleral stroma. Morphometry of normal and
glaucomatous human eyes showed that Model A underpredicted the resistance of the JCM by factors
of 10-100, suggesting that a GAG or proteoglycan gel may control the flow resistance of this tissue.
This was supported by Model B, which showed that measured bulk concentrations of GAGs were
consistent with gel concentrations needed to account for the estimated resistance of the JCM in vivo.
Some limitations and implications of Model B were discussed. Invest Ophthalmol Vis Sci 27:1741-
1750,1986

There have been numerous attempts to identify the
primary site of resistance in the aqueous outflow sys-
tem. McEwen's1 calculations of flow resistance based
on the dimensions of the flow passages in the inner
aspects of the meshwork indicated that both the uveal
and corneoscleral meshwork should have negligible
flow resistance, consistent with Grant's finding2 that
removal of the uveal meshwork had little effect on fa-
cility. Grant3 later demonstrated that 75% of the resis-
tance resided between the anterior chamber and the
aqueous veins, suggesting that the dominant site of re-
sistance was located proximal to the aqueous veins.
This conclusion has been supported by estimates of
the resistance associated with the aqueous veins and
collector channels4 and studies of the flow resistance
of Schlemm's canal,56 although recent work suggests
that, at normal pressures, the collector channels may
be more resistive than previously believed.7 Based on
these findings, many researchers have studied the cor-
neoscleral and/or juxtacanalicular meshwork (JCM),
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in an attempt to identify the underlying cause of out-
flow resistance.

In this paper we focus upon the JCM, and, in par-
ticular, analyze its structure and thus compute the re-
sistance to flow through this tissue. This requires de-
tailed and quantitative information concerning the lo-
cal morphology and a computational model capable
of predicting flow resistance based on the salient mor-
phological features. Some of the necessary morpho-
metric data on the JCM have already appeared in the
literature,8'9 such as area of the extracellular regions,
area of the optically clear spaces, and cell area. These
variables are needed input for the computational model
used in this study, in which the JCM is treated as a
porous material.

Recent studies have also provided data on the bio-
chemical composition of the trabecular meshwork.
Knepper et al10" have determined the gross amounts
of glycosaminoglycans (GAGs) in excised trabecular
meshwork, while Richardson12 has used ruthenium red
staining to determine the distribution of GAGs within
the JCM. These data are useful in predicting what effect
proteoglycan gels within the JCM extracellular spaces
may have on the flow resistance of this porous tissue.

This paper describes two computational models that
predict the flow resistance of the juxtacanalicular
meshwork. In the first model (Model A), we describe
the JCM as a porous medium permeated by open
spaces (pores) through which the aqueous humor flows.
In the second model (Model B), we allow the open
spaces of the JCM to be filled with a GAG gel, and
predict the flow resistance of this gel and, hence, of the
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JCM as a whole. Before describing the specific models,
a brief overview of porous media theory as applied to
the JCM is presented.

The JCM as a Porous Material

Porous Media Theory

The theory of flow through porous media has been
used to successfully predict the flow resistance of var-
ious porous materials, ranging from geological struc-
tures to human cartilage. In the eye, similar methods
have been employed to study the permeability of the
cornea by Bert and Fatt13 and Hedbys and Mishima.14

A porous material is broadly defined as any sub-
stance comprised of a solid framework, through which
fluid can pass. Typically, the flow is described by porous
media theory whenever it would be too difficult or
cumbersome to treat each fluid passageway individu-
ally. The simplest porous structures consist of a col-
lection of circular, cylindrical pores in an otherwise
solid block. The resistance to flow through a single pore
in this block would be given by the ratio of pressure
drop to flow rate (AP/Q), and could be calculated, in
this instance, using the relationship for Poiseuille flow:

R =
AP

Tra"
(1)

where n is the fluid viscosity, a is the pore radius, R is
the block's resistance, and L its length. For a block
containing N identical pores connecting the high and
low pressure sides, the total flow rate would be increased
N-fold, and the total resistance would therefore fall to
a value of

8/iL
R =

Nira4 (2)

While the overall resistance is a useful result, it is
often more convenient to describe a material in terms
of its permeability. Permeability is a local material
property that is independent of the gross dimensions
of the porous material or the properties of the per-
meating fluid, but depends, instead, on the character-
istics of the pores themselves.

Permeability (K) is related to resistance by the
expression (Darcy's law):

R =
KA'

(3)

where A is the total cross-sectional area across which
the flow takes place.

In the example given above (equation 2), the per-
meability is simply mra4/8, where n = N/A is the num-
ber of pores per unit area. Since permeability is a local
property, it can be calculated from simple measure-
ments made, for example, from any small fragment of

the material, provided that the fragment contains a
sufficient number of pores so as to be representative
of the whole.

Most porous materials, however, have a more com-
plex geometry than that of our simple example. Kozeny
and Carman15 developed a general expression for per-
meability, which has been used successfully in porous
materials of widely differing geometries. They related
the permeability to two geometrical parameters: the
porosity, c (the ratio of void volume to total volume),
and the specific surface, S (the ratio of wetted pore
surface area to total volume). The expression they ob-
tained is

K = k ^ ' ( 4 )

where k is known as the Kozeny constant and depends
only on the pore geometry (e.g., k = 2 for straight cir-
cular cylindrical pores). The Kozeny constant as it ap-
pears in equation 4 incorporates pore tortuosity effects,
and for a typical low porosity porous material with
tortuous (rather than straight) pores, will lie in the range
of three to five.

The Carman-Kozeny equation (equation 4) thus
provides a well-established indirect method for esti-
mating the permeability of a material via measurement
of the porosity and specific surface. While many dif-
ferent methods have been reported for determining
these parameters, in analyzing the JCM, we have simply
measured porosity and specific surface directly from
transmission electron micrographs of this tissue. To
verify that photomicrographs can indeed be used in
this manner, we used this technique to determine the
permeability of various open-pore foams.16 The per-
meabilities predicted from these photomicrographs
agreed well with measured permeability values.

Specific Features of the JCM

A necessary step in the development of a porous
media model of the JCM is the characterization of this
tissue's flow passages. We assume that, for all practical
purposes, the trabecular meshwork cells are imperme-
able, and, therefore, focus our attention on the ultra-
structural composition of the extracellular space as seen
in transmission electron micrographs. This space con-
tains a variety of components which have been grouped
in various ways in the past.

For modelling purposes, we have found it convenient
to divide the extracellular space into three broad sub-
divisions: "solids," gray amorphous material, and open
spaces. The first category ("solids") includes all elec-
tron-dense extracellular material; namely, elastin fibers,
collagen fibers, and amorphous fibrillar material (Type
C material of Liitjen-Drecoll8). Due to their density
and structure, we assume these substances to be im-
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permeable. The second category is made up of the gray
amorphous material (fine fibrillar material, ground
substance, type A material of Liitjen-Drecoll8) which
usually abutts against the "solids" described above. A
substantial body of evidence, for example, that pre-
sented by Richardson12 and Armaly and Wang,17 in-
dicates that this amorphous material is, to a large de-
gree, composed of GAGs and glycoconjugates. Its op-
tical density is variable, and, in some extracellular
locations, this material appears to be absent altogether.
Finally, the third category, referred to as "open spaces"
or pores, includes all regions which contain neither
amorphous material nor solids. These open spaces may
be fixation artifacts, in that, in vivo, they also may
have been filled with gray amorphous material.18

Characterization of Extracellular
Matrix Permeability

For the purposes of Model B, the flow resistance of
the gray amorphous material must be estimated. It is
presumed that its resistance is primarily due to a GAG
or glycoconjugate gel, so that our problem is reduced
to one of estimating the hydrodynamic resistance of
such a gel. For our present purposes, a gel can be en-
visioned as a crosslinked (or entangled) array of ran-
domly oriented polymers. A common idealization in-
volves modelling the gel-forming polymers as cylin-
drical fibers (the fiber matrix model) (e.g., Ogston et
al19). This same idealization was employed by Curry
and Michel20 to successfully describe the permeability
characteristics of the frog mesenteric capillary wall.

A viscous flow analysis is used to predict the flow
resistance of this fiber matrix, and an expression is ob-
tained which relates the gel permeability to its concen-
tration and the fiber (gel-forming polymer strand) ra-
dius.21* By fitting this result to experimental data so
as to determine the fiber radius, a semi-empirical
expression is obtained which relates gel permeability
(Ko) to gel concentration. In order to simplify the cal-
culations, the mathematical expression derived from
the fiber matrix model can be fit by the approximate
relationship

100.0:

= 0.319ao (c*v)-\-117 (5)

where c is the gel concentration (g/ml), v is the specific
volume of the gel-forming material (ml/g), and ao is

* Since all porous media theories are based on the assumption that
the fluid can be treated as a continuum (i.e., as a homogeneous sub-
stance with properties such as viscosity denned on a scale much
smaller than any physical dimension of the system), the validity of
this approach might be questioned. However the derivation of the
Stokes-Einstein diffusion coefficient produces accurate results from
similar assumptions. Furthermore, the excellent agreement with ex-
periment (Fig. 1) suggests that this approach is valid.

10.0:
K

(x)012cm2)

1.0 =

Experimental Results

Ogston and Sherman

Preston et al

Jackson and James

Fessler

Fibre Matrix Model

0.1-r-
5 10 15 20

Hyaluronic Acid Concentration(^jj

Fig. 1. Graph of hyaluronic acid permeability (K) vs hyaluronic
acid concentration, showing a comparison between experimental data
and the results of the fiber matrix model (for a fiber radius of a = 5A).
Data from Preston et al22 and Fessler23 are derived from sedimentation
studies (see Fessler and Ogston,24 Ethier25). It is not known why the
results of Ogston and Sherman26 differ from those of other investi-
gators.

the fiber (polymer) radius. (Note that the product c*v
is the gel solid fraction.) This relationship is accurate
within 5% for values of c*v between 6.0 X 10~5 and
1.3 X 10~2, which corresponds well to many physio-
logical situations.

For the particular case of hyaluronic acid, a fiber
radius of 5 A produces close agreement between the
theoretical prediction and experimental measurements
(Fig. I).21 In the absence of contrary information, a 5
A radius is assumed to be appropriate for all GAG gels.

Accepting the approximate validity of this approach,
equation 5 can be used to calculate the local gel per-
meability in the extracellular spaces, Ko. The net per-
meability of a given tissue (e.g., the JCM) is then ob-
tained by noting that the "impermeable" components
of the tissue simply act to decrease the available area
for fluid flow. If the bulk porosity e is defined as:

e= 1 -
volume of impermeable components

total volume

the net permeability of the tissue is given by

K = eKo, (6)

and equation (3) can be used to obtain the resistance
of the entire tissue.

Assumptions and Methods

Model A

Model A assumes that the "open spaces" within the
JCM are present in vivo (i.e., are not artifactual). Thus,
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Model A

Open spaces

JCM

( Solids
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Amorphous Materials
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Gel-filled channels (amorphous
material)
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Fig. 2. Assumptions regarding JCM structure made in developing
Models A and B. No fluid is assumed to pass through "impermeables."
"Solids" are made up of collagen, elastin and fibrillar material. Fluid
passes through open spaces in Model A and gel-filled channels in
Model B.

fluid passes only through these open spaces, and is ex-
cluded from the amorphous material and solids (i.e.,
from the entire extracellular matrix). This approach is
based on the knowledge that the resistance to flow
through the amorphous material is much greater than
through unobstructed pores, as well as a desire to max-
imize the predicted flow resistance of this tissue. Model
A, therefore, considers the amorphous material to be
impermeable, and treats the JCM as a two-component
system: open spaces and impermeables ("solids," cells,
and amorphous material) (Fig. 2).

To determine the resistance to flow through these
open spaces, the JCM porosity and specific surface
were therefore measured from photomicrographs. We
examined human specimens obtained from the New
England Eye Bank (controls) and excised during fil-
tering surgery (glaucomatous). Specimens were fixed
overnight by immersion in 3% glutaraldehyde in 0.1
M cacodylate buffer, pH = 7.3. After being rinsed three
times in 0.1 M cacodylate buffer, the samples were
postfixed for 2 hr at room temperature in 1% osmium
tetroxide in 0.2 M cacodylate buffer. Specimens were
prepared for transmission electron microscopy by de-
hydration in ethyl alcohol, embedding in Epon 812,
and sectioning. Thin sections were stained with uranyl
acetate and lead citrate. Micrographs had final mag-
nifications between 6200X and 7000X. Fixation at
conditions of zero pressure should tend to minimize
the amount of open space,27 and thereby produce es-
timates of flow resistance somewhat larger than normal.

A region extending 7-10 fim interiorly from the in-
ner wall of Schlemm's canal was analysed in each mi-
crograph using an Apple II computer and a digitizing

pad. Each apparently "open" space was traced with a
stylus, from which the computer determined both the
open area and the perimeter. Open spaces were defined
by a decided lack of cellular, fibrillar, or amorphous
material. In the analysis of micrographs, porosity and
specific surface are taken as void area divided by total
area and wetted pore perimeter divided by total area,
respectively. A typical micrograph is shown in Figure
3, with the selected "open spaces" highlighted.

The effect of non-uniformity within the JCM was
modelled by dividing the analysed region into 40 sub-
divisions (2.5 fjim by 5 ixm) and computing an individ-
ual specific surface and porosity for each sub-region.
The size of each subdivision was selected so that the
distance over which significant variations in pore size
or pore density were observed was greater than the di-
mensions of the subdivision. These data were then used
in equation 4 to produce a distribution containing 40
values of permeability for each micrograph analyzed.
The entire meshwork was then modelled by assuming
it to consist of a large number of rectangular blocks
2 . 5 X 5 X 5 fim in size. The permeability of each block
was randomly selected from the distribution obtained
by the 40 sub-region measurements, with the assump-
tion that the sub-regions analyzed were representative
of the entire JCM. The resulting network was then nu-
merically analysed to determine its overall flow resis-
tance.

In addition to resistance values obtained via this nu-
merical technique, JCM resistance was calculated from
equations 3 and 4 using bulk (JCM average) values for
specific surface and porosity. The Kozeny constant k
was assigned a value of four, as is appropriate for a
random, tortuous porous material.15 In all calculations,
the viscosity of aqueous humor at 37°C was taken as
0.72 centipoise,5 while the flow-normal area of the JCM
was taken to be 0.11 cm2 (36 mm in circumference
with a meridional width of 300 /im5). Resistances were
calculated for flow-wise lengths of the JCM of 10 and
25 /im. This procedure was followed in micrographs
from four eyes: two control eyes, one pigmentary glau-
comatous eye, and one primary open angle glaucoma-
tous (POAG) eye. In total, five micrographs were stud-
ied: two micrographs from one control eye, and one
micrograph each from the second control eye, the
POAG eye, and the pigmentary glaucomatous eye. The
area of the analyzed region within each of the above
micrographs was 230, 175, 267, 234, and 205 /im2,
respectively.

Model B

In Model B, the JCM is viewed as an impermeable
matrix of cells and "solids" (collagen, elastin, fibrillar
material), within which is distributed a network of flow
channels completely filled with a homogeneous GAG
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Fig. 3. Region from the
JCM of a control eye, with
open spaces highlighted. The
analyzed region extends in-
teriorly from the inner wall
of Schlemm's canal to the
heavy line. SC: lumen of
Schlemm's canal, calibration
bar: 2.5 /im.

or proteoglycan gel (Fig. 2). We note that the resistance
of a GAG-filled meshwork would be sensitive to ex-
ogenous hyaluronidase perfusion, and, although this
sensitivity has been shown in sub-primates, the data
on primates is conflicting (e.g., Knepper et aln).

Denoting the global porosity as used in Models A
and B by eA and eB, respectively, we see that, since the
amorphous material is no longer considered imperme-
able:

eB = eA +
area of amorphous material

total area

Due to the uncertainty in the values of eA and the
relative amount of amorphous material, we simply

present results for an appropriate wide range of poros-
ities eB.

Ideally, the model requires quantitative knowledge
about GAG and glycoconjugate distributions in the
extracellular void spaces. Qualitatively, it has been felt
that an appreciable fraction of the total meshwork
GAG population is found in the voids, as suggested by
the strong ruthenium red12 and alcian blue28 staining
of these spaces. Unfortunately, a more quantitative de-
scription is presently unavailable, and, therefore, we
adopt the approach of predicting the void space GAG
concentration necessary to account for the estimated
pressure drop across the JCM.

Thus, we suppose that the JCM is the major site of
resistance to flow, and from equations 3, 5, and 6 cal-
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Fig. 4. Graph of bovine corneal stromal permeability (K) versus
stromal hydration, showing a comparison between the experimental
data of Hedbys and Mishima14 and theoretical predictions. Case I:
GAG-generated resistance only; Case II: proteoglycan-generated re-
sistance. The shaded region indicates the range of uncertainty in the
experimental data.

culate the concentration of a pure GAG gel within the
empty spaces of the JCM required to produce a given
pressure drop. Values for flow-normal area (A) and
viscosity (/*) are as reported for Model A, and a specific
volume of v = 0.67 ml/g was used for GAGs.22

Results

Fiber Matrix Model

In order to test the validity of the fiber matrix model
in a physiological context, we studied the permeability
of corneal and scleral stroma. These tissues were se-
lected as they are well-characterized extracellular tissues
whose flow resistance is due mainly to GAGs or pro-
teoglycans.14'29 Concentrations of the extracellular
components within corneal and scleral stroma were
obtained from the literature to produce a typical con-
centration profile for bovine corneal stroma and rabbit
scleral stroma.25 These profiles allowed us to estimate
the concentration of GAGs or proteoglycans in the void
spaces (i.e., the extracellular water-filled spaces) of each
tissue for various stromal hydrations. Equations 5 and
6 were then used to calculate stromal permeability as
a function of stromal hydration. Two scenarios were
considered: in the first, only GAGs contributed to flow
resistance, while, in the second, the entire extracellular
proteoglycan complex (GAG plus associated protein)
influenced flow resistance.f

f Details of permeability calculations for a two-component fibrous
medium (GAGs plus proteins) are set forth in reference 25.

The results of these calculations for corneal stroma
are compared with the experimental data of Hedbys
and Mishima14 in Figure 44 The permeability pre-
dicted in case II (proteoglycan-generated resistance)
more closely matches the data than that predicted in
case I, suggesting that the protein portion of the extra-
cellular proteoglycan gel is an important determinant
of flow resistance. At normal hydration, the agreement
between theory (case II) and experiment is good (within
a factor of two), although this agreement worsens at
stromal hydrations much below normal. This discrep-
ancy may result from a progressive alignment of pro-
teoglycans in the plane of the stroma, as this tissue
thins at lower hydration, while the model assumes a
random distribution of fiber orientations. Introducing
this effect into the model would more closely align
theoretical predictions and experiment. A similar phe-
nomenon may explain the difference in the experi-
mental curves for flow along and across the stroma at
low hydration, since in these two cases the proteoglycan
fibers are, on average, oriented differently with respect
to the flow, and thus have differing resistances. These
effects become important only at unphysiologic (low)
hydrations, and thus are not expected to influence pre-
dictions of the model.

An analysis of the permeability of the scleral stroma
gives similar results; namely, that the entire extracel-
lular proteoglycan complex is an important determi-
nant of flow resistance. The measured permeability29

of 1.3 X 10~14 cm2 is approximately five times smaller
than the value calculated via case II of 6.7 X 10~14 cm2,
representing slightly poorer agreement than that ob-
tained for corneal stroma. This difference is, in part,
due to greater uncertainties in the data on scleral com-
position, and, perhaps, to differences in proteoglycan
composition between the cornea and the sclera. In
summary, the fiber matrix model was felt to be suffi-
ciently accurate for present purposes.

Model A

The percentage of open space within the JCM of
normal eyes measured in this study is summarized in
line 3 of Table 1, while lines 1 and 2 display previously
reported values for the JCM. A large variation is ap-
parent among the few reported figures for the JCM;
the current study and that of Lutjen-Drecoll8 present
values greatly different from those of Lindenmayer et
al.9 This probably reflects the fact that only the latter
study utilized samples fixed at pressure.

t The bovine corneal composition used was: collagen 18.0%
(14.0%), water 78% (83.4%), salts 0.9% (0.27%), GAGs 0.95% (0.69%),
GAG-associated protein 1.55% (1.13%), and free protein 0.6%
(0.47%).25 Values are weight (volume) percentages.
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Table 2 displays measured values for gross JCM po-
rosity and specific surface for each of the micrographs
analyzed. Interestingly, the results of the permeability
calculations based on gross JCM porosity and specific
surface were nearly identical with those of the more
sophisticated numerical model. This suggests that the
use of JCM-average values for porosity (e) and specific
surface (S) in the Carman-Kozeny equation is accept-
able, despite the apparent heterogeneity of the JCM.
The computed resistances (based on gross JCM po-
rosity and specific surface) are also given in Table 2,
and compared to the estimated in vivo resistance of
the JCM.

Significantly (p < 0.005, two-sided t-test), in normal
eyes, the calculated resistance falls short of the esti-
mated in vivo resistance by two orders of magnitude.
In other words, the cells, collagen, elastin, and fibrillar
material within the normal JCM are expected to ac-
count for no more than a few percent of this tissue's
resistance. In addition, preliminary results (based on
only one micrograph each), indicate that the calculated
resistance of the JCM of POAG and pigmentary glau-
comatous eyes falls short of the estimated in vivo re-
sistance by factors of approximately 100 and 10, re-
spectively. Due to its lower porosity, the pigmentary
glaucomatous eye has a larger calculated resistance than
the other eyes. Although no definite conclusions can
be drawn regarding the glaucomatous eyes (due to the
sample size of one), the results are highly suggestive.

Hence, in spite of efforts to overestimate JCM re-
sistance, Model A is able to account for only a negligible
fraction of the observed outflow resistance in normal
eyes. We therefore considered several possible expla-
nations for our failure to find even a significant fraction
of the resistance: (1) What appear to be "open spaces"
on the micrograph might well contain materials that
are not visualized by routine electron microscopy (e.g.,
GAGs and other glycoconjugates), (2) the dimensions
of the channels within the JCM have been substantially
altered during tissue processing, or (3) the primary site
of resistance resides elsewhere.

Of these, the first seemed most likely. Model B en-
ables us to test this hypothesis.

Table 1. Quantitative morphology of normal
primate trabecular meshwork

Reference

Lindenmayer
etal9

Lutjen-Drecoll8

Present study

% Optically
Clear

Space*^

59 ± 6.7%

17 ±7.7%

23 ± 4.6%

Fixation
Pressure

15 mm Hg

Zero
(immersion)

Zero
(immersion)

Species

Baboon,
various
monkey

Maccaca
arctoides

Human

* Mean ± standard deviation.
t Average porosity values measured within the JCM (either 7.5 or 10 nm

wide region from Schlemm's Canal endothelium), as visualized by transmission
electron microscopy.

Model B

Results of Model B for a JCM resistance of 2.5 mm
Hg/^l/min (AP = 5 mm Hg, Q = 2 ^l/min) are dis-
played in Figure 5, where the calculated gel concen-
tration is plotted as a function of porosity, eB. The
range of results (Fig. 5, cross-hatched area) corresponds
to JCM thicknesses between 10 and 25 Mm. The pre-
dicted gel concentrations in the void spaces of the JCM
lie in the range 1.1-6.5 mg per ml void space.

It is useful to compare these predicted concentrations
with GAG concentrations measured in normal (un-
perfused) whole rabbit aqueous outflow pathway tissue
by Knepper et al.1011 Using reported hexuronic acid
levels, one obtains an estimated GAG concentration
in rabbit meshwork of approximately 1.0 mg GAG per
ml solid tissue,§ which can be converted to a GAG
concentration per unit volume of void space via

§ Reported values used in all calculations of meshwork GAG con-
centrations are: 7.5 nmole hexuronic acid/mg dry defatted tissue,"
and a dry defatted meshwork weight of 0.72 mg.10 In addition, the
following assumptions were made: an average GAG molecular weight
of 470 daltons/disaccharide unit, one hexuronic acid moiety per di-
saccharide unit, water plus fat content of 75% (by weight) for mesh-
work tissue, and a tissue density of 1.1 mg/ml.

Table 2. Comparison between calculated (via Model A) and estimated in vivo resistance*! of the JCM

Normal eyes

Pigmentary
glaucomatous

POAG

Eye#l

Eye #2

Eye #3

Eye #4

Porosity

0.246
0.264

0.177

0.069

0.243

Specific Surface
(nm-'J

1.29
1.31

0.79

0.77

0.79

Calculated Resistance^
(mm Hg/nl/min)

0.035-0.089 1
0.029-0.074 I

0.035-0.088 J

0.56-1.41

0.014-0.034

Estimated Resistance
(mm Hg/nl/min)

2.5*

15t

15f
• Based on assumed 5 mm Hg pressure drop across the JCM, and flowrate

of 2 jjl/min.
t Based on 30 mm Hg pressure drop and flowrate of 2 ^1/min.
i Range corresponds to JCM thicknesses between 10 and 25 |im.
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C 2 0

(mg/ml)

0 .1 .8.2 .3 4 .5 .6 .7
Bulk JCM Porosity

Fig. 5. Graph of void space gel concentration (c) required to produce
a 5 mm Hg pressure drop across the JCM versus JCM bulk porosity,
eB. A flowrate of 2 *il/min was assumed. The cross-hatched region
represents calculated results for JCM thicknesses between 10 and 25
;im. The horizontal extent of the shaded area represents the estimated
range of JCM bulk porosities, while the vertical extent represents
corresponding estimated GAG concentrations derived from the data
of Knepper et al10-1' by equation 7.

mass GAG _ mass GAG

unit void volume unit volume tissue
X

unit volume tissue unit total volume

unit total volume unit void volume

= (1.0 mg/ml) X-
1-e

(7)

By using measured bulk GAG levels, equation 7 thus
establishes a relationship between void space GAG
concentration and porosity within the JCM. The range
of GAG concentrations predicted in this manner (for
porosities between 0.2 and 0.7) is indicated by the ver-
tical extent of the shaded region of Figure 5. It can be
see that the shaded region overlies the predicted GAG
concentrations of Model B over most of the expected
porosity range.

An alternate method of estimating void space GAG
concentrations is to divide the total estimated mesh-
work GAG mass (2.5 X 10"3 mg) by the total meshwork
volume, calculated as 1.1 X 10"3 cm3 (based on the
reported cross-sectional area of 100 ^m by 350 ^m,10

and assuming a circumferential length of 3.1 cm). This
ratio, representing GAG mass per total meshwork vol-
ume, can be divided by meshwork bulk porosity to
estimate void space GAG concentration. One possible
error inherent in this method is that the excised tissue
dimensions reported by Knepper et al10 may not be
representative of in situ dimensions. This discrepancy

may be due to alterations in meshwork tissue volume
which occurred during the dissection process. In fact,
using these meshwork dimensions and the reported dry
defatted meshwork weight produces a tissue density of
over 2 g/cm3 (based on water plus fat content of 75%),
which is unreasonably high. Nevertheless, using this
method to recalculate the bounds for the shaded area
of Figure 5 indicates that void space GAG concentra-
tions should lie between 3.3 and 11.5 mg/ml, somewhat
higher than those estimated via equation 7. The agree-
ment with the predictions of Model B is once again
satisfactory, given the approximate nature of the GAG
estimates from experimental data. However, in light
of the concern over in situ meshwork dimensions, we
are more confident of our concentrations estimated
via equation 7.

It is important to note that equation 7 implicitly
assumes that all GAGs present in the aqueous outflow
pathway reside within the extracellular void spaces,
which is not strictly the case (e.g., Armaly and Wang17).
Taking this into account would shift the shaded box
in Figure 5 downward, the extent of the shift depending
on the fraction of aqueous outflow pathway GAGs not
found in the void spaces. Since this fraction is un-
known, the shaded box in Figure 5 may be thought of
as an upper bound on the actual void space GAG con-
centration.

Discussion

The results of this study point to an extracellular
GAG or proteoglycan gel as being a significant deter-
minant of outflow resistance. The evidence leading to
this conclusion can be summarized as follows. Firstly,
Model A clearly indicates that the JCM of normal eyes,
as pictured in a transmission micrograph, is responsible
for only a small fraction of the resistance to outflow.
In other words, the cellular, collagenous, elastin, and
fibrillar fractions of the normal JCM provide insignif-
icant resistance to aqueous outflow. Recall also that,
at every step in the calculation, an attempt was made
to overestimate the actual resistance, thus lending ad-
ditional support to this conclusion. Hence, from a fluid
mechanical viewpoint, there must be additional struc-
ture, not visualized on transmission electron micro-
graphs, which is largely responsible for aqueous outflow
resistance. The presence of GAGs in the meshwork,
their ability to form flow-resistive extracellular gels,30

and the inability of transmission electron microscopy
to visualize GAG gels on conventionally fixed sam-
ples31 all point to a GAG or proteoglycan gel as the
principal cause of outflow resistance. Furthermore, the
results of Model B lend credence to this possibility, as
they indicate that the required extracellular GAG con-
centrations are not inconsistent with measured con-
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centrations. Thus, the presence of a resistive extracel-
lular gel appears to be a viable possibility.

The results of Model A also suggest that the JCM
of pigmentary and POAG eyes has a calculated resis-
tance much lower than the estimated in vivo resistance.
The analysis of further glaucomatous JCMs is needed,
however, to confirm this result. (Interestingly, the cal-
culated resistance of the pigmentary glaucomatous eye
was higher than that of either the control or POAG
eyes, although still insufficient to account for the es-
timated resistance.)

One unknown factor in Model A is the effect that
tissue fixation and processing may have upon the sam-
ples. The fixation process is known to markedly in-
crease aqueous outflow resistance,32 suggesting that the
resistance of the analyzed samples may have been
higher than the estimated in vivo resistances of Table
2, and thus further strengthening the conclusions of
Model A. On the other hand, the effects of post-fixa-
tional tissue processing on facility are unknown, as is
the exact amount of tissue distortion and/or shrinkage
due to fixation and processing. However, such changes
would have to be substantial, given the severe un-
derprediction of aqueous outflow resistance by Model
A. In this sense, the results of Model A are quite robust.

It is also useful to point out the limitations of Model
B. Firstly, the GAG concentrations derived from the
measurements of Knepper et al (shaded region in Fig-
ure 5) are: (1) approximate, due to uncertainties re-
garding GAG distribution in the meshwork, and (2)
based on data from sub-primates (rabbits). Further
morphometric data on primate trabecular meshwork
are needed to strengthen the conclusions of Model B.
Specifically, knowledge of the meshwork porosity at
physiological pressure and of GAG distribution within
the meshwork is required. In the latter category, specific
information regarding relative concentrations of intra-
cellular, intrabeam, and void space GAGs is needed.
Furthermore, as a gel located in both the JCM and
outer aspects of the corneoscleral meshwork would be
more resistive (due to the greater fluid path length)
than a gel of the same concentration localized within
the JCM, knowledge about the distribution of void
space GAGs as a function of position between the an-
terior chamber and Schlemm's canal would be useful.

A final and critical unknown is the exact composi-
tion of the postulated gel within the meshwork void
spaces. The results of calculations for corneal and
scleral stroma indicate that the protein moieties of a
proteoglycan gel can be responsible for considerable
flow resistance. However, in the absence of contradic-
tory information, the void space gels of Model B have
been assumed to be pure GAG. Qualitatively, the effect
of a proteoglycan (rather than a pure GAG) gel would
be to decrease the GAG concentration required to pro-

duce a given pressure drop. This would correspond to
a downward shift of the curves and cross-hatched region
in Figure 5. Naturally, details of the void space gel
composition will be a necessary datum for a more re-
alistic version of Model B.

In short, the extent to which Model B reflects reality
within the trabecular meshwork is largely limited by
the scarcity of necessary input data. On the other hand,
a potential fault, intrinsic to the model itself, is the
assumption of local gel homogeneity within the void
space. This assumption excludes the situation in which
the void space gel is permeated by fluid flow channels.
Proof of such structures (or other gel inhomogeneity)
within the meshwork would necessitate a more so-
phisticated treatment than Model B.

It is interesting to note that a gel-filled meshwork
would have a resistance which is relatively independent
of compression in the flow-wise direction. This can be
seen by combining equations 3, 5, and 6, and noting
that, in one-dimensional compression, the extracellular
void volume is proportional to the meshwork width L.
The latter observation implies that the void space con-
centration would vary as 1/L, and that resistance R
would vary as L~017, i.e., would decrease very slowly
with increasing L. This effect might well be masked in
the normal eye by the strong dependence of Schlemm's
canal resistance upon meshwork dimension.6

Key words: aqueous outflow resistance, juxtacanalicular
meshwork, morphometry, extracellular matrix, modelling,
gel, human eye
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