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ABSTRACT

An improved understanding of the structural and fluid mechanical
aspects of the aqueous outflow system is essential in the study of
glaucoma and its causes. In this study, we explore the role of
aqueous vein collapse in determining the overall resistance to the
flow of aqueous humor, at normal and elevated intraocular pressures.

Experiments conducted on scleral samples, to obtain additional
information required in the structural analysis of the aqueous veins,
showed; (i) that the radialT compressive modulus of the sclera is a
factor of 100 less than its circumferential tensile modulus, and (ii)
that Poisson's ratio for scleral tissue is between 0.46 and 0,50,

Through complimentary theoretical and experimental studies, the
relationship between the cross-sectional area of a circumferentially
oriented vessel and intraocular pressure was found to be nearly linear
and only weakly dependent on the radial position of the vessel. This
information was then incorporated into a simple model of the agueous
outflow system in order to predict the relationship between intraocular
pressure and the rate of aqueous outflow. Using this model, we were
able to show that the resistance of the aqueous veins is not significant
at Tow intraocular pressures, but can become important when the vessels
begin to collapse at intraocular pressures between 35 and 60 mm Hg.

Thesis Supervisor: Roger Kamm
Title: Assistant Professor of Mechanical Engineering
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CHAPTER 1
INTRODUCTION

A pressure drop of about 7 mm Hg is generally sufficient to drive
the aqueous humor from the anterior chamber of the eye to the episcleral
veins, at which point the aqueous humor mixes with venous blood. In
glaucoma, this pressure difference can rise to more than 20 mm Hg due
to pathological changes occuring somewhere in the complex outflow net-
work. The present study has two objectives:

1) to identify the important sites of resistance
in normal eyes and,

2) to determine what changes might result in
elevated resistance and, consequently
increased intraocular pressure.

More specifically, since there are many aspects to the aqueous outflow
network, this report will deal exclusively with the aqueous veins and
their significance to the resistance of the outflow system. In this
report, the term aqueous vein refers to the segment of the outflow
system from Schlemm's canal to the surface of the eye, consistent with
the terminology used by Ascher (1949). This is, however, contrary to
more recent usage in which these same vessels are termed "collector
channels",

The potential for the collapse of the aqueous veins will be
considered with the aim of establishing under what conditions vessel

collapse will significantly affect the total outflow resistance. To

-



provide a backdrop for the analysis of the flow thvough the aqueous
veins, we provide the following general information on the entire out-
flow system.

1.1 Aqueous Qutflow System

The flow of aqueous humor enters the posterior chamber of the eye
from the ciliary epithelium by a‘combination of secretion and ultra-
filtration at a rate of about 2 u&/min [Bi11 (1975)]. The aqueous
humor then proceeds from the posterior chamber to the anterior chamber
via the pupil (Figure 1), and from there exits by two distinct routes.
The first, which accommodates approximately 20 percent of the flow rate,
and is illustrated in Figure 2, leads from the anterior chamber into
the tissue spaces within the ciliary muscle, into the suprachoroid, and
from there into the sclera [Bil11 (1975, 1975b)]. This route has been
termed the uvealscleral pathway.

The remainder of the aqueous humor passes through the trabecular
meshwork, which is generally subdivided into 3 parts (Figure 3). The
aqueous humor first encounters the uveal meshwork, a forward extension
of the ciliary muscle [Bill (1975b)]. The openings within the uveal mesh-
work are Targe and overlap extensively. The aqueous humor then passes
through the corneo-scleral meshwork, which consists of perforated sheets
of connective tissue extending between the scleral spur and the cornea
[Bi11 (1975b)]. The openings within the corneo-scleral meshwork are
smaller than those in the uveal meshwork and overlaping of the openings
is rare., Finally, the aqueous humor passes through the juxtacanalicular

meshwork, which consists of loose connective tissue and endothelial cells



[Bi11 (1975b)]. The pathways for flow within the juxtacanalicular
meshwork are very narrow and irregular, thus the flow must follow
a somewhat tortuous path.

The interior of Schlemm's canal is separated from the mesh-
work by'a single layer of endothelial cells. Several theories
have been proposed to explain the transport of aqueous across the
endothelium. These have been summarized by Tripathi (1971) and
include the following;

- Micropinocytosis,

- Intercellular gaps or openings,
- Intracellular channels,

+ Endothelial vacuolation.

Due to the small size of the outflow channels within the tra-
becular meshwork and endothelial 1ining, these sites are often
named as the location of greatest flow resistance. This view has
been supported by Grant (1958), who showed that in enucleated
human eyes approximately 75 percent of the resistance within the
aqueous outflow system was found on the anterior side of Schlemm's
canal. It has also been suggested that the collapse of Schlemm's
canal could cause a significant portion of the outflow resistance
[Moses (1977)].

Upon entering Schlemm's canal, the aqueous flows circumfer-
entially until reaching one of the approximately 30 collector

channels, which in turn merge with aqueous veins. The canal is



thought to be a nearly continuous channel of roughly elliptical
cross-section running circumferentially around the eye at the 1limbus.
Its inner wall is the outermost margin of the trabecular meshwork
and is therefore highly distensible. Its outer wall is the sclera
which, as compared to the meshwork, is rigid. Running between the
inner and outer walls are é network of supporting members termed
septae which presumably act to maintain patency of the canal lumen.
Casting studies of the aqueous outflow system conducted by
Grant (1965) showed that aqueous veins originate either directly
from Schlemm's canal, or from a series of channels in close proxi-
mity to Schlemm's canal and having many interconnections with it.
The aqueous veins then pass through the sclera and emerge on the
outer surface of the eye to connect with the episcleral veins.
Infrequently, Grant (1965) observed that an agueous vein possessed
a very fine branch connecting with the ciliary muscle. According
to Ascher (1947), there are three basic classifications of aqueous
veins. The largest aqueous veins, which account for about 20 per-
cent of the total, originate in the scleral emissarium. The smallest,
which comprise about 30 percent of the total, originate near the
1imbal meshwork. The remaining aqueous veins, about 50 percent,
originate near the corneal limbus and possess a semi-circular or
U-shaped arch. These vessels are larger in diameter than those
originating near the 1imbaf meshwork, but smaller than those
originating in the scleral emissarium. According to Ascher (1949),

aqueous veins range indiameter from 0.01 mm to 0.1 mm with most
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having a diameter of approximately 0.05 mm.

In the past there has been some experimental evidence to
suggest that a significant portion of the resistance of the out-
flow system can be attributed to the aqueous veins. Perkins (1955)
showed, by measuring pressures in rhesus monkey's within Schlemm's
canal and the anterior chamber simultaneously, that the pressure
within Schlemm's canal was only 10 percent Tess than intraocular
pressure. Sears (1966) showed using similar techniques that in
1iving monkey eyes, the majority of the outflow resistance lies
beyond the inner wall of Schlemm's canal. These results seem to
implicate either Schlemm's canal or the aqueous veins as the major
site of resistance. However, these results contradict the findings
of Grant (1958) which, as mentioned previously, showed that the
majority of the outflow resistance 1ies on the anterior side of
Schlemm's canal.

By a simple calculation, one can show that for the aqueous
veins to be the site of greatest resistance, they must be in a
highly collapsed state. If collapse does indeed occur, it is likely
to be due to the stresses exerted on the aqueous veins by the
surrounding scleral tissue.

The sclera is comprised of dense connective tissue with a
collagen framework supported by a matrix consisting of mucopoly-
saccharides, sugars, proteins, and protein-polysaccharide

complexes [Curtain (1969)]. The relative percentage of collagen



G

to matrix is of considerable importance with respect to the material
properties of the tissue.

Many researchers have performed unaxial tensile tests on strips
of sclera [Curtain (1969), Glouster (1957), and Yamada (1973)], all of
which exhibited a non-linear relationship between stress and strain
such that the tissue becomes Tess compliant with incréasing stress.
Through the combination of experimentation and a finite element model
of the eye, Woo (1972) obtained an exponential relationship between

stress and strain for the sclera of the form
o = 1.8 x 10°(e*V B8 _ 1) dynes/em® . (1)

Representative values for the tensile modulus of sclera 1ie in the

7

range of 1 x 10" to 9 x 107 dynes/cmz.

1.2 Thesis Qverview

The studies reported here have two main components, one is an
analysis of the structural properties of the sclera and aqueous veins
with the objective of, given values of intraocular pressure and internal
pressure, determining the vessel cross-sectional area. With this in-
formation, we can proceed to the second step, which is the development
of a flow model to determine the pressure drop across the aqueous veins.

The structural model requires more information on the material
properties of the sclera than was available from the literature. Thus,
experiments were.d951gned to yield the needed information concerning the
compressive modulus of scleral tissue, These experiments and their

results are reported in Chapter 2. These results enabled us to move on
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to the experimental and analytical study of aqueous vein collapse as pre-
sented in Chapter 3. The results of this study, presented in Chapter 4,
provided us with a relationship between cross-sectional area of the veins
and intraocular pressure. These results were then incorporated into a
fluid mechanical model of the aqueous veins, which is presented along

with the results of this model in Chapter 5.
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CHAPTER 2
EXPERIMENTS TO MEASURE

THE COMPRESSIVE MODULUS OF SCLERAL TISSUE

2.1 Methods

If the eye is idealized as a sphere, the stresses found.in the
sclera are tensile in the two tangential directions and compressive in
the radial direction. As discussed previously, the tensile properties
with respect to the tangential directions have been studied by many
investigators. However, the compressive properties in the radial
direction, or with respect to its thickness, have not previously been
investigated. Since this information was vital to our analysis of
aqueous vein collapse, we designed and constructed a testing system
capable of determining the radial compressive modulus of the sclera.

The apparatus used for these compression tests needed to satisfy
several very stringent design constraints. The test system had to be
capable of applying, and precisely measuring, compressive stresses on
the order of 100 dynes/cmz, of measuring displacements on the order of
microns, and of determining the magnitude of sample volume changes. Also,
it was necessary that the sample be submerged in an isotonic solution
and maintained within 1°F of normal body temperature during the test.

2.2 Experimental Apparatus

The compressive testing system was comprised of 6 major components:

1) air piston,
2) optical displacement probe,
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) sample container and isotonic solution,
) compressed air supply and manometer,
heating elements and thermometer

6) plexiglass enclosure

Compressive stresses were applied using an airpot damper (Figure 4)
consisting of a graphite piston within a pyrex cylinder. This choice was
based on the extremely low friction force (less than 500 dynes) oppoéing
the motion of the piston, which allowed the precise application of very
small magnitude compressive stresses. To provide greater control over
the compressive stress applied to the sample, the piston's bore was
chosen as small as possible (0.627" diameter).

An aluminum rod attached to the piston supported a plexiglass dish
containing the sample submerged in an isotonic solution (Figure 4). The
dish was mounted to the aluminum rod via a Tow friction ball joint to
ensure that the compressive stress was applied perpendicular to the
surface of the sample.

The pressure in the airpot cylinder was regulated and measured
using a water manometer, to an accuracy of + 50 dynes/cmz. Vertical
motion of the piston caused the sample to be compressed against the top
of the enclosure, where this surface as well as the dish were lubricated
to reduce end effects.

To measure strains as small as 1 percent, since the sample thick-
ness was approximately 1000 microns, the device used must be capable of
discerning motions on the order of ten microns. This requirement was met

by the use of an optical displacement probe (Figure 4), which not only



had excellent resolution (+ 0.5 um) but also allowed the measurement to
be made without making contact with the moving surface. Use of the
device required that a reflective surface be attached to the dish con-
taining the sample. The output voltage of the probe was calibrated to
distance as discussed in Section 2.4.

During the test, the samples were maintained at normal body
temperature by means of a small heating element placed inside the plexi-
glass enclosure surrounding the apparatus. Temperatures within the
enclosure were monitored and controlied to within 1°F. A photograph
of the completed testing system is shown in Figure 5.

2.3 Poisson's Ratio Experiments

To determine Poisson's ratio (v) for the sclera, we photographed
the surface of the sample under high magnification during the
compression tests. The photographs were then enlarged, to increase the
accuracy of the measurements, and the cross-sectional area of the sample
was measured usihg a planimeter. Through a simple analysis, one can
show that

A

S/lp, = (1 +ve )’

In SO c

where Aso is the original cross-sectional area of the sample, AS

is the cross-sectional area of the sample after application of the
compressive load, and €c is the applied compressive strain. From

this expression and the measurements of the sample's cross-sectional

area at known levels of applied strain, one can easily getermine Poisson's

ratio.
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2.4 Calibration and Use of the Optical Probe

Although extremely sensitive, the optical probe has a nondinear
response curve and had to be calibrated prior to use in the experiments.
The probe's output is a voltage proportional to the amount of light re-
flected back from the moving surface. To calibrate the probe, it was
mounted in a cylindrical section of plexiglass and attached to a micro-
meter via three spring loaded bolts to allow the precise alignment of
the probe with respect to the moving surface.

The probe was brought into contact with, and aligned perpendicular
to, the reflective surface, giving a zero voltage output. Using the
micrometer, the probe was then moved away from the surface until its
voltage output reached a maximum (approximately 0.3 mm from the reflec-
tive surface). The maximum output of the probe was set at one volt by
adjusting the gain, and the probe was then brought back into contact
with the reflective surface and realigned so its output was again zero
volts. This procedure was repeated until the output of the probe in
contact with the reflective surface was zero volts and its maximum out-
put was one volt.

To obtain a calibration curve, the probe was brought into contact
with the reflective surface and then moved away in 10 micron increments
recording the voltage output of the probe at each step. The results
are shown in Figure 6. A Tinear regression was performed on the data
within the linear region of output (from 0.15 volts to 0.55 volts) yield-
ing a calibration constant of 9.3 mV per micron of displacement. During

the experiments, we always operated within this linear regjon.
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2.5 Preparation of Scleral Samples

In the first series of tests, we measured the compressive properties
of cattle eyes (obtained from Joseph T. Trelagan Company). These eyes
were obtained immediately upon enucleation, placed in an isotonic solu-
tion, and stored at 4°C until used. All experiments were conducted with-
in 48 hours of enucleation.

For the second series of tests three pairs of human eyes were ob-
tained from the Howe Laboratory of the Massachusetts Eye and Ear Infirmary.
The ages of the three donors were 93, 74, and 63 years. The experiments
were conducted on the human tissue within 72 hours of enucleation.

To prepare the eyes, the epithelium covering the cornea and sclera
was removed from the surface of the eye using a scapel. Also, for the
cattle eyes, the stubs of the rectus muscles were removed. Next, the
globe was bisected at the equator to allow the removal of the lens, iris,
and choroid. Cylindrical samples were taken from the region of the sclera
immediately adjacent to the cornea using a trephine of 9 mm diameter and
immediately placed in an isotonic solution and stored at 4°C until used.
Once the samples were excised from the eye, they were used within 3 hours.

2.6 Test Procedures and Control Experiment

The accuracy of the scleral test system was determined by measuring
the compressive modulus of very thin sections of a compliant material of
known modulus. The material chosen was a silastic rubber sheet, the com-
pressive modulus of which was obtained from the manufacturer. The results

of these tests are discussed later.
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The first step in conducting each test was to measure the
original thickness of the sample using a spring loaded thickness
gage with an accuracy of £ 10 um. Then, the sample was placed
into the dish containing a buffered saline solution attached to
the piston. At this point, the piston was raised to bring the
sample into contact with the upper surface of the enclosure by
supplying a pressure of approximately 15, 500 dynes/cm2 to the
airpot cylinder. However, the majority of the pressure was
required to overcome the weight of the piston-rod-dish assembly
(14,600 dynes/cmz) and the friction force (250 dynes/cmz) leaving
a net compressive stress of 2000 dynes/cm2 (650 dynes/cm2 x Ap/As).
The initial compression served to eliminate the difficulty in
determining the exact position of contact between the sample and
the upper surface, but it also causes a deformation which cannot

be determined. This point was used as a reference (¢ = 0) from

which all subsequent strains were measured.

After allowing approximately 30 minutes for the sample to
stabilize, the probe was brought into contact with the reflective
surface and the alignment adjusted as discussed previously. The
probe was then positioned at the upper limit of the linear region
(0.35 volts) so that when the piston compressed the sample, the
reflective surface moved towards the probe and into the region of
linearity. The stress acting on the sample was computed from the

airpot cylinder pressure and the surface areas of the piston and
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sample, while the strain induced in the tissue was determined by

B 7 In %’;-

where ts is the original thickness of the sample and t 1is the
thickness of the sample after deformation. Although experiments were
usually conducted only for increasing loads, decreasing loads were
also applied to one sample in order to check for hysteresis.

2.7 Results

In order to verify the accuracy of the test system, we experi-
mentally determined the compressive modulus of a 0.5 mm thick section
of silastic rubber. The results of this experiment, shown in Figure

7, yield a value of the modulus of

E = 5.169 x 100 + dynes/cm2

3

as determined by linear regression. This was in excellent agreement

with the value obtained from the manufacturer,
E = 5.52 x ]06 dynes/cm2 .

The error range associated with the experimentally determined
compressive modulus is due to uncertainties in the measurements of
pressure within the airpot, original thickness of the sample, and dis-
placement of the reflective surface.

2.7.1 Experiments on Cattle Sclera

The first tests were conducted on cattle eyes primarily for

the purpose of perfecting our experimental techniques. Samples of cattle
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sclera were taken from two pairs of eyes, the results of which pointed
out some interesting aspects of scleral tissue (Figures 8-11). First,
it was observed that cattle sclera creeps with a variety of time constants,
the fastest on the order of tens of seconds and the slowest on the order‘
of minutes. Therefore, we waited 20 .minutes between increments of pressure
to allow the sample to stabilize. Also, we observed that under compressive
loads the relationship between stress and strain is somewhat nondinear,
such that the tissue becomes less compliant with increasing loads. This
result is in agreement with data obtained from tensile tests on human
sclera conducted by Glouster (1957) and Curtain (1969).

A linear regression of the data produced values for the Tinear

compressive modulus shown in Table 1. These data fall in the range

5

1.21 x 10° + 15% < E__ < 1.88 x 10°

+ 14% dynes/cm2 s

for compressive stresses between 2000 dynes/cm2 and 26,000 dynes/cmz.
The Tinear regression fitted the data well, as evidenced by the correla-
tion coefficients (between 0.975 and 0.985) shown in Table 1.

2.7.2 Experiments on Human Sclera

The human sclera, behaved in a manner very similar to cattle
sclera (Figures 12-19). As with the cattle sclera, human sclera creeps
with a variety of time constants, the fastest on the order of tens of
seconds and the slowest on the order of minutes (Figure 20). The relation-
ship between stress and strain was also found to be somewhat nonlinear,
such that the tissue becomes less compliant with increasing loads. In

addition, after removing the load, the sample returned to its original
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thickness signifying that the material experienced no permanent set.
However, the sample did exhibit some hysteresis as the load was removed
(Figure 12).

The analysis of aqueous vein collapse required a linear compressive
modulus for human sclera. Thus, one was obtained by means of a linear
regression of the data, the results of which are shown in Table 2,
Results obtained for compressive stresses from 2000 dynes/cm2 to 40,000
dynes/cm2 show that the linear compressive modulus of human sclera is

within the following range:

5

2.7 x 10° +13% < E__ < 4.12 x 10°

+ 11% dynes/cm2

The Tinear regression fitted the data well, as evidenced by the correla-
tion coefficients (between 0.982 and 0.993) shown in Table 2.

2.7.3 Poisson's Ratio Experiments

The experiments to determine Poisson's ratio were conducted
on six samples of human sclera for compressive stresses between 2000
dynes/cm2 and 40,000 dynes/cmz, the results of which are shown in Table 2.

These results show that Poisson's ratio for the sclera is between
0.46 + 6% <v < 0,50 + 6%

The errors associated with the value of Poisson's ratio are due to un-
certainties in the measurement of both cross-sectional area of the sample
and the applied strain.

Since Poisson's ratio for sclera is very nearly 0.5, the volume of

the sample is approximately constant during the test. This finding served
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to answer a serious question concerning the possibility that the results
were influenced by loss of fluid from the sample. We are therefore
confident that the surprisingly low values for the compressive modulus
are real and not due to an artifact associated with fluid lToss from the
sample. It should be noted, however, that fluid could have been dis-

placed from the sample during the initial compression.
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CHAPTER 3
ANALYTICAL AND EXPERIMENTAL

STUDY OF AQUEOUS VEIN COLLAPSE

As mentioned in Chapter 1, if aqueous vein collapse does occur,
it will come as a result of the stresses exerted on the vessel by the
surrounding scleral tissue. In this chapter, we first determine the
stresses acting on a particular vessel, then determine the amount of
collapse that occurs as a result of this stress level. We analyzed
aqueous vein collapse by two separate methods:

1) a simple analytical model valid for
small deformations and,

2) a large scale experimental model from which
the results for lTarge deformations were
obtained.

The experimental model also provided a verification of the analytical
model for small deformations.

3.1 Analytical Model

The analytical determination of vessel collapse requires both
the radial compressive modulus, obtained in the experiments of Chapter 2,
and the tangential tensile modulus. To obtain a single value to be used
as the tangential tensile modulus, we applied a linear regression to the
data of Glouster (1957), Curtain (1969), and Woo (1972), the results of
which are given in Table 3.

From these results, the linear tensile modulus of the sclera was
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considered to lie between

7

2.0 x 107 <E._ <1.2 x 10° dynes/en®

s

where the majority of information suggested that it was nearer the lower
1imit of the range. This result was approxijmately a factor of 100 greater
than the compressive radial modulus of the-sclera, which was previously

shown to 1ie in the range

2.7 x 10° < E__ < 4,12 x 10° dynes/en” .

For the purpose of this analysis, we assumed values for the radial

compressive modulus and tangential tensile modulus of

3.3 x ]05 dynes/cm2 5

m
1}

G5

E 33 X 107 dynes/cm2 s

ts

To simplify the analysis, we made the following assumptions con-
cerning an aqueous vein and its interaction with the sclera:

1) the wall of the aqueous vein possesses the same
material properties as the sclera,

2) the aqueous vein is attached uniformly to the
sclera everywhere along its surface, and

3) since the ratio of vessel diameter to the thick-
ness of the sclera is small (approximately 1/20),
the vessel behaves as though it were surrounded
by an infinite medium.
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With these assumptions, we modeled an aqueous vein as a hole of circular
cross-section extending through an infinite three-dimensional medium,

The path an aqueous vein follows through the sciera determines
the orientation and magnitude of the stresses acting on it. If the
aqueous vein follows a purely radial path through the sclera, the stresses
exerted on it would tend to enlarge its area rather than cause collapse.
An aqueous vein running in a circumferential direction is the most apt
to collapse, and it is this particular orientation that is the subject of
our analysis. Intermediate orientations would require a much more diffi-
cult analysis and were therefore not considered. It can be said, however,
that a vessel with intermediate orientation will be less collapsed than a
circumferentially running vessel and is therefore not considered.

3.1.1 Magnitude of the Stresses Imposed on the Sclera

In order to determine the magnitude of the stresses im-

posed on the sclera by intraocular pressure, we modeled the eye as a
spherical pressure vessel with an outside radius of 1.2 cm and an inside
radius of 1.1 cm. One might question this assumption, particularly in
the Timbal region where the aqueous veins are found, due to the change
in curvature between the sclera and cornea locally. This proves to be
a relatively small effect, however, according to a finite element model
of the eye [Woo (1972b)], which found the strains within the Timbal region
only 25 percent greater than the strains within other nearby regions of the
sclera,

According to Timoshenko (1934), for spherical shells with intra-

ocular pressure (IOP) inside and zero pressure outside, the tangential
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stress as a function of radial position is

r3
10P 1+_%
2r
(8] =3 =
tl t2 rg
—- -1
Y‘a .

and the radial stress as a function of radial position is

3
p 1 -.B
23
9 ~ 3
l"b g _]
-
ra

where s is the outside radius and ’ the inside radius of the
spherical shell., Therefore, from the dimensions given above, the tan-
gential stress was found to range between 5.5 IOP at the inner surface
and 5.0 IOP at the outer surface, while the radial stress was found to
range between -I0OP at the inner surface and zero at the outer surface.
Consistent with our stated assumptions, the stresses from the
spherical model of the eye were considered to act at an infinite distance
from the hole. To simplify the analysis, the average stress in the
tangential directions was used, since the tangential stress varied only
slightly between the inner and outer surfaces, whereas the radial stress

is a relatively strong function of the locatjon of the vessel within the

sclera.
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3.1.2 Model Development

To simplify the analysis of a circumferentially oriented
aqueous vein, the stresses within the plane of the hole were analyzed
separately from the stresses acting parallel to its axis (Figure 21),

In the plane of the hole, the stress distribution was determined for the

condition of plane strain (e, = 0), and the strains induced by the

Z
stresses acting parallel to the axis of the hole were then superimposed
on this result.

In order to account for the difference between the compressive’
and tensile moduli of the sclera, we initially analyzed the structure
as if it was an isotropic material, Then, the results of this analysis
were used to determine the angular position (81), with respect to a
cylindrical coordinate system with origin at the center of the circum-
ferentially oriented aqueous vein, measured from an axis pointed circum-
ferentially, at which the inner wall of the vessel underwent no deformation.
A radial plane with angle 64 is assumed to approximately denote the
boundary between a region of predominantly tensile stress and a region
of predominantly compressive stress. In the model, the large elastic
modulus is used in the tensile region while the small elastic modulus is
used in the compressive region,

The complete development of the analytical model is given in
Appendix A. The analysis of a circumferentially oriented aqueous vein

yields



-28-

6
1 2
2 1 -
ﬁA"='r.- [['l+(E\))(ct+(}d+2(st-—cd)c032€)+
0 0 ts 1 1
1T +v v 2
+ JP. = =— o, ] do +
Ets . Ets tZ
X 2
m
£ el )cos 26) +
e] cs 1 1
Vo
+ i
% (]E \))PV _ 2]2 de
cs E ?
cs

where ﬁ%- is the ratio of the deformed cross-sectional area of the vessel
to its original cross-sectional area, PV is the fluid pressure within the
aqueous vein, and e] is the angle at which the vessel wall begins to de-
form inward. Using Equation (2), we can determine {%- for a circumferen-
tially oriented aqueous vein as a function of intraocular pressure (IOP),
internal vessel pressure (PV), and radial position within the sclera. The
integral of Equation (2) is given in Appendix A.

The analysis, however, is restricted to small deformations. Since
the analysis required that the boundary conditions be specified at the
original radius of the vessel, the strains within the material from the
point of the original vessel radius to the final position of the vessel

wall were not taken into account. Therefore, as the deformations of the

vessel became large, the analytical model ceased to be valid,
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3.2 Large Scale Experimental Model

3.2.1 Dimensional Analysis

From the assumptions made in the previous section, the de-

formed area of the vessel can be expressed in the form:
A = f(ot, aqs Ecs’ Eres Vs Pv’.AO) ,
which by means of dimensional analysis results in

94 P Vo, E

o Vv £S
_"'f(E ’E 3E ’E ) . (3)

0 cS cs ts cs

Thus, to properly model the collapse of an aqueous vein, one must match
these four dimensionliess groups.

In the previous section, several assumptions allowed us to model
the vessel-tissue structure as a circular hole extending through an
infinite three-dimensional medium. According to the relationships
developed in Appendix A, the effects of the hole within the medium vary
as az/r2 , where a 1is the radius of the hole and r is the radial
distance from the center of the hole. Therefore, to limit the effects
caused by the hole at the surface of the test section to less than one
percent, the dimension of the test section measured radially from the
center of the hole must be at Teast 10 times the radius of the hole.
Also, to ensure a uniformly deformed section, the dimension of the test

section parallel to the axis of the hole was made as large as possible,
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3.2,2 Design and Construction of Large Scale Experiment

The experimental model consisted of 6 major parts:

1) foam block,

2) supporting structure,

3) threaded rods and plexiglass plates,
4) gearing system and thrust bearings,
5) area probe,

6) reservoir and manometer.

We found it impossible to obtain a material which would allow a
perfect simulation of the sclera. A closed cell foam made from a vinyl
chloride rubber was chosen which, like the sclera, has different proper-
ties in compression than it does in tension. According to the manufacturer,
the tensile modulus of the foam (Etf) 35 2.7 % 106 dynes/cmz, while 1its
Poisson's ratio can be assumed to be 0.5, if the small changes in volume
due to gas compressibility are neglected.

A linear regression of the data obtained by means of the scleral
testing system (Figure 22) yielded a compressive modulus for the foam

5
(E,.0)
2,000 dynes/cm2 and 14,000 dynes/cmz.

of 1.21 x 107 + 15% dynes/cmz, for compressive stresses between

The dimensional analysis suggests that to model aqueous vein
collapse properly, one must match all the dimensionless groups shown in
Equation (3). By properly scaling the applied loads, three of the
dimensionless groups could be satisfied (PV/ECS, Vo, /Eies cd/Ecs), but
the fourth (Ets/Ecs) could not, For human sclera, the ratio of its tensile

modulus (Et ) to its compressive modulus (Ecs) is approximately 100, while

S
for the foam this ratio (E../E_c) is approximately 22.5. In order to both
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ascertain the importance of this dimensionless parameter and to provide a
verification of the analytical model for small strains, we conducted an
analytical study of the conditions present in the experimental model. A
comparison of these results is presented in Chapter 4,

The next design consideration was the size of the test section
which, due to considerations already mentioned, scaled with the size
of the hole. Use of the area probe, which will be discussed later,
required that the hole be at Teast 3/8" in diameter. Therefore; to
satisfy the criteria set forth previously, we chose to use an 8"x8"x12"
rectangular block of.foam with the axis of the hole perpendicular to the
8"x8" face. Practical constraints limited the axial length to 12",

Since the closed cell foam was only available in 1" thick sheets,
a number of sheets were bonded together using a thin coat of 3M #77 spray
adhesive so as not to appreciably alter the compressive or tensile propg-
erties of the lTaminated section.

Once the block of foam was prepared, we placed a 3/8" diameter
hole through it by the following procedure:

1) A 3/16" diameter hole was bored through the
block using a thin-walled stainless steel tube with a
sharpened front edge (similar to a very long trephine).

2) The interior of the hole was then frozen
with Tiquid nitrogen.

3) The final 3/8" diameter hole was bored
through the block using a thin-walled stainless steel
tube with a sharpened front edge.
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Plexiglass sheets in contact with the block provided a rigid
surface onto which the loads were applied, and were glued to those faces
of the block subjected to tensile stresses using 3M #77 spray adhesive
(Figure 23). The loads were applied to the block by means of three 1/2 -
.20 threaded rods attached to each plate, which were in turn mounted to a
supporting structure of telespar tube steel through the combin;tion of a
threaded gear and thrust bearing (Figure 24). The purpose of the gears
was to allow the linkage of the three threaded rods attached to each
face, which ensured a parallel planar motion of each plate, while the
thrust bearings acted to prevent the binding of the gears as the loads
were increased., By rotating the gears, the required degree of strain was
applied to each surface of the block,

As alluded to previously, the cross-sectional area of the hole
was measured by means of an area probe [McClurken (1978)], which measures
area irrespective of shape by an electrical impedance technique. The
electrically conducting fluid inside the hole was connected via a rigid
tube to a reservoir of adjustable height, which in combination with a
water manometer provided the means of applying and monitoring internal
vessel pressure. The area probe jtself was contained within 2 mm 0.D.
teflon tube which was mounted in supports that aliowed its positioning
anywhere within the block. A photograph of the entire test system is
shown in Figure 25,

3.2.3 Test Procedure

As each test was conducted, we first established the existence

of a uniformly deformed region in the center of the block, which in all
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tests was at least one inch long. The first series of tests were con-
ducted for a constant internal vessel pressure (9 mm Hg) with the radial

location of the vessel at one of the four following levels:

1) outer wall of Schlemm's canal (cd = -I0P),

2) 0,22 mm from Schlemm's canal (cd = -3/4 10P),
3) 0.46 mm from Schlemm's canal fcd = =1/2 I0P),
4) 0,72 mm from Schlemm's canal (cd = -1/4 10P).

We conducted .experiments for increasing intraocular pressures
between 0 and 60 mm Hg, where at each level of intraocular pressure
Oy and oy were calculated as discussed previously and along with

PV are scaled according to the relationships;

oy Etf
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The foam did not creep appreciably during the test, as evidenced
by. the fact that the cross-sectional area of the hole stabilized within
20 seconds after the load was applied. However, some hysteresis of the
material was observed, as after the removal of the loads, the hole did

not return to its original cross-sectional area for between 1 to 2 hours.
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One additional test was conducted for a constant intraocular
pressure (IOP = 16 mm Hg) and radial position within the sclera
(od = -1/2 10P) while the internal vessel pressure (Pv) was varied
between 0 and 50 mm Hg. This test was conducted for increasing internal
pressures only, with all stresses calculated and scaled as discussed pre-

viously,
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CHAPTER 4
COMPARISON OF RESULTS

The purpose of this chapter is to determine, based on the experi-
mental and theoretical data of Chapter 3, a reasonably accurate relation-
ship between intraocular pressure and vessel cross-sectional area for a
circumferentially running aqueous vein at various positions in the sclera.
This relationship will be used, in Chapter 5, to develop a pressure-flow
model for the aqueous veins.

It was noted earlier that we were unable to match all the
appropriate dimensionless groupings in the large scale experiments.
Therefore, the experimental results could not be used directly. We were
able to deduce, however, the approximate form of the relationship be-
tween intraocular pressure and vessel cross-sectional area by combining
the theoretical and experimental findings in the manner described in
this chapter.

4.1 Changes in Area Due to Variations in Intraocular Pressure

The results from the analytical model for both the foam and sclera,
along with the experimental resuits for the first series of experiments
(in which IOP was varied and Pv held constant), are shown in Figures 26-29.
The analytical results for the foam are within 1 percent of the experi-
mental results, in the region of low strain, for a circumferentially
oriented aqueous vein 0.72 mm from Schlemm's canal, although larger dis-

crepancies are found for those vessels Tocated closest to Schelmm's canal.
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The differences between the results could be attributed to experimental
errors associated with the relatively short length of the test section,
the effects of the glue, and the compressibility of the air within the
foam.,

An interesting and fortuitous feature of the experimental relation-
ship between A/AO and intraocular pressure is the striking dégree of
linearity over the range of A/A0 from 1.0 down to 0,12, 1In most
experiments, data was obtained up to an intraocular pressure of 60 mm Hg,
but in several runs we went up to an intraocular pressure of 100 mm Hg,
enough for A/AO to reach 0.13. Since this linearity was found in all
our experiments and extended all the way to vessel collapse, we assumed
this to be generally true.

A comparison of the analytical results for the sclera and foam
(Figures 26-29) points out the importance of Eyo/E.s particularly at
the outer margins of the sclera. Therefore, the experimental results,
for which EtS/ECs was not properly scaled, could not be used directly
as a measure of the degree of vessel collapse., However, the linearity
of the experimental results suggested that a representative relationship
between A/Aq and intraocular pressure for an aqueous vein could be
obtained by fitting a straight line to the theoretical results for the
sclera in the region of small deformations, A line was also fitted to
the theoretical results for the foam in the region of small deformations,
and are shown with the preyious results and the slopes of the experimental

results in Table 4,
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The linear relationships between A/AO and intraocular pressure
for a circumferentially oriented aqueous vein, at the four vessel loca-
tions considered in the first series of experiments, are shown graphically
in Figure 31; these will be used in the pressure-flow model of the aqueous
veins presented in Chapter 5. Since the analytical results for the foam
consistently underestimated the degree of collapse obtained experimentally,
these 1inear relationships were considered to be a conservative estimate
of the degree of aqueous vein collapse at a given intraocular pressure.
These linear relationships also show that, according to the theoretical
model of the sclera, the radial location of the circumferentially oriented
aqueous vein within the sclera has little effect on the degree of vessel
collapse.

4.2 The Effect of Variations in Internal Vessel Pressure

The effect of internal vessel pressure was studied both theoretically
and experimentally with the results shown in Figure 30. Although each of
these studies was conducted at a different initial level of collapse,-
each is essentially linear and has approximately the same slope. By
comparing the slopes of these curves to those obtained for changes in
intraocular pressure, we find that relatively large changes in internal
vessel pressure were required to cause significant changes in the vessel's

cross-sectional area, as suggested by the ratio of slopes:
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Because of this fact, we assumed a constant internal vessel pressure
(9 mm Hg) in the pressure-flow model of the aqueous veins presented in
Chapter 5. This assumption will lead to some inconsistencies at highly

elevated intraocular pressures (>50 mm Hg) which will be discussed later.
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CHAPTER 5
PRESSURE-FLOW MODEL OF AQUEOUS OUTFLOW SYSTEM

In this chapter, we develop an approximate model capable of pre-
dicting the relationship between aqueous outflow and intraocular pressure.
The model is based on changes in flow resisiance due to collapse of a
circumferentially oriented aqueous vein as intraocular pressure increases.
The Tinear relationships of Chapter 4 are used to determine the extent of
collapse associated with different levels of intraocular pressure. By
an analysis similar to that presented in Chapter 3, we determined that
the cross-sectional area of a radially oriented vessel (or segment of
vessel) will increase only slightly (~3%) for intraocular pressures up
to 70 mm Hg. Therefore, we considered the radially oriented vein segments
to be of constant area.

5.1 Resistance to Flow of a Circumferentially Oriented Aqueous Vein

Flow in an aqueous vein is viscous dominated as evidenced by
Reynolds numbers (Re = E%Q , where V is the velocity of the aqueous
humor, d 1is the diameter of the vessel, and p and yu are density
and viscosity, respectively, of the aqueous humor) ranging up to 0.02
for largest aqueous veins at a flow rate of 2u2/min. If we assume that
the axial variations in cross-sectional area are gradual, then the flow
will be Tocally fully-developed and the flow resistance can be determined

from a Pouseuille resistance Taw. For area ratios (a = A/AO) greater than

0.36, the shape of the circumferentially oriented aqueous vein is approxi-
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mated by an ellipse, the resistance of which. according to Milne-Thompson

(1950), is

o
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where p is the viscosity of aqueous humor (1.03-1.04 centipoise [Moses
(1970)1), and AP -is the pressure drop across a length L of the circum-
ferentially oriented aqueous vein. For area ratios less than 0,36, the
resistance was determined from an expression, derived by Flahrety (1972)

for thin-walled collapsible tubes, of the form

Q ~J
o

=
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These two expressions for the resistance are, in general, functions
of both intraocular pressure and internal vessel pressure through their
dependence on the area ratio. However, for the purpose of this analysis,
the internal vessel pressure was assumed to be constant, the implications
of which will be discussed in Section 5.2.

5.2 Pressure Flow Model

From the information presented in Chapter 1, we assumed there to
be 30 aqueous veins of the following size and distribution;

1) 15 aqueous veins with a diameter of 0,05
2) 9 aqueous veins with a diameter of 0.02 mm,
3) 6 aqueous veins with a diameter of 0.10 mm,

We further assumed that each vessel has a uniform unstressed area (AO) and
that no intrascleral junctions occur between vessels.
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The aqueous veins were modeled as a parallel flow circuit having
Schlemm's canal as the upstream node and the episcleral veins, all of
which were assumed to be at the same pressure (9 mm Hg), as the down-
stream node with 30 parallel aqueous veins in between.

The path of the aqueous veins was idealized as a series of circum-
ferentially and radially oriented steps beginning at the outer wall of
Schlemm's canal and'conc1uding at the surface of the sclera. The radially
oriented segments, when added together, equal the scleral thickness (1 mm),
while the circumferential steps were of equal length, but generally not
equal in length to the radial segments. Three separate combinations of
circumferentially and radially oriented steps were considered:

1) A circumferentially oriented step at the outer wall
of Schlemm's canal, with additional circumferential steps 0.22
mm, 0.46 mm, and 0.72 mm from it. Between each circumferential
segment is a radially oriented segment of the required length
(Figure 32a).

2) Circumferentially oriented steps located 0.22 mm, 0.46
mm, and 0.72 mm from the outer wall of Schlemm's canal connecting
radially oriented segments of the required length (Figure 32b).

3) Circumferentially oriented steps located 0.46 mm and 0.72
mm from the outer wall of Schlemm's canal with radially oriented
segments of the required length between each circumferential seg-
ment (Figure 32c).

Seyeral yalues were selected for the total vessel length in the circumfer-
ential direction ranging from 5 to 50 percent of the total vessel length.
We also considered the possibility that some aqueous veins pass

through the sclera in a predominantly radial direction. To investigate
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this possibility, a separate analysis was conducted assuming that one

large aqueous vein runs radially througn the sclera while the remaining

aqueous veins conformed to the three previous descriptions of their path.
The results of this analysis will be presented in two forms,

first in terms of a pressure-flow curve for the entire aqueous outflow

tract via Schlemm's canal, and second, in terms of the resigtance of the

aqueous veins alone, In order to obtain a pressure-flow relationship

for the entire outflow system, the resistance to outflow from the

anterior chamber to the aqueous veins was considered to be constant.

The value of this resistance was obtained by assuming an intraocular

pressure of 16 mm Hg, an episcleral venous pressure of 9 mm Hg, and a

flow rate of aqueous humor via the convential pathway of 2uf/min. This

yields a value for the total outflow resistance at this intraocular

pressure of 3.5 Eﬂ.ﬁ%:ﬂiﬂ , from which we subtracted the resistance

from the flow model for the aqueous veins at an intraocular pressure

of 16 mm Hg (between 8.3x10™° to 2.4x10'2 Eﬁ.ﬂ%ﬁ@iﬂ depending on the

number and length of the circumferential steps) to obtain the resistance

of the remainder of the aqueous outflow system (between 3.492 to 3.476

mm Hg-min )
He g

5.3 Results

5.3.1 Pressure-Flow Relationship for the Aqueous Outflow System

Results from the pressure-flow model, determined using the three
idealized paths just described, for the values of 5 and 50 percent of the

total vessel length in the circumferential direction, are shown in Figures



-43-

33-35. These results exhibit a linear pressure-flow relationship up

to intraocular pressures between 35 and 55 mm Hg (depending on the number
and length of the circumferential steps), beyond which the pressure drop
through the aqueous veins becomes significant and non-linearities in the
pressure-flow relationship begin. The intraocular pressure at which the
pressure drop through the aqueous veins becomes significant increases as
the percentage of the total vessel length in the circumferential direction
decreases.,

A comparison of the results obtained for the three idealized paths
of the aqueous veins, for the case of 50 percent of the total vessel
length in the circumferential direction, is shown in Figure 36. This
comparison demonstrates an important result of the analysis; the radial
location in the sclera where the vessel begins to run circumferentially
has only a slight effect on the level of intraocular pressure at which
the pressure drop through the aqueous veins becomes significant (between
35 and 40 mm Hg for 50 percent of the total vessel length in the circum-
ferential directijon).

The results of this model suggest a maximum possible flow rate
exists for the eye (between 10 and 15 u#/min), above which the pressure
would increase until the eye ruptures., This result is caused in part by
the neglect of the effects of changes in internal vessel pressure on cross-
sectional area. As intraocular pressure reaches levels where the pressure
drop through the aqueous veins becomes significant, the pressure within

the vessel will increase and thus reduce the degree of collapse. Therefore,
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we interpret these results as suggesting that if all aqueous veins run
circumferentially for some part of their length, at elevated intraocular
pressures (above 60 mm Hg) the pressure-flow relationship will exhibit
strong non-]inéarities, but will not necessarily exhibit a flow maximum,
The results for the case of one large aqueous vein running entirely
in the radial direction, while all others conform to the previous des-
cription of path, are shown in Figures 33-35., The results are shown only
for the case of 50 percent of the total vessel length in the circumferential
direction, which are imperceptively different from the results for 5 per-
cent. These results show that at elevated intraocular pressures (above
60 mm Hg) all the flow will proceed through the radially oriented vessel
with only a small increase in the total outflow resistance (~1%). However,
if only one medium sized aqueous vein runs purely radially, at intraocular
pressures above 60 mm Hg the pressure-flow relationship will be linear,
after a non-linear transition region, with an increase in the total out-
flow resistance of 25 percent, If only one of the smallest vessels is
oriented in the radial direction, at intraocular pressures above 60 mm Hg
the pressure-flow relatijonship will be linear, after a non-linear transi-
tion region, with approximately a ten fold increase in the outflow resistance.
We can conclude then that if one or more agueous veins pass purely in the
radial direction, the pressure-flow relationships will be Tinear at elevated
intraocular pressures with the total outflow resistance remaining relatively
constant or increasing by up to a factor of 10, depending on the number and

size of the radially oriented aqueous veins.,
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5.3.2 Resistance of Aqueous Veins

One step in determining the pressure-flow curve just discussed
is to compute the resistance of the aqueous veins alone. These values
of resistance determined from the three idealized models previously des-
cribed are shown plotted against intraocular pressure in Figures 37-42.
These curves exhibit strong non-linearities such that the resistance
increases more rapidly with increasing intraocular pressure. At intra-
ocular pressures between 50 and 65 mm Hg (depending on the number and
length of the circumferential steps), the resistance begins to increase
dramatically (Figures 40-42); the value of intraocular pressure at which
this happens increases as the percentage of the total vessel length in
the circumferential direction decreases.

A comparison of the results obtained for the three idealized paths,
for the case of 50 percent of the total vessel length in the circumferen-
tial direction, is shown in Figure 43. This comparison demonstrates that
the radial location in the sclera where the vessels begin to run circum-
ferentially has only a small effect on the level of intraocular pressure
at which large changes in the resistance of the vessels begins (between
50 and 55 mm Hg for 50 percent of the total vessel length in the circum-
ferential direction). Since variations in internal vessel pressure were
not taken into account in the analysis, the results at elevated intraocular
pressures are, however, somewhat misleading. As the resistance of the
aqueous veins increase, the internal vessel pressure will increase counter-

acting the tendency for vessel collapse. Since the effect of internal
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vessel pressure is much weaker than that of intraocular pressure, the
resistance of the aqueous veins will certainly still increase, but at
a more gradual rate.

The results for the case of one large aqueous vein oriented in the
radial direction, while all others conform to the previous description
of path, are shown in Figures 37-39, In these cases, the resistance at
low intraocular pressures behaves in the same way as the results for all
aqueous veins running circumferentially for some part of their length.
At intraocular pressures between 40 and 60 mm Hg (depending on the number
and length of the circumferential steps), the resistance for the case of
one Targe radially oriented aqueous vein begins to asymptotically approach
the value of the resistance associated with one large agueous vein
(5.27'><10"2 EELE%%@iﬂ ). If some agueous veins are oriented in a purely
radial direction, the asymptotic value approached will vary from

8x10"3 to 33 TE—E%:miﬂ , depending on the number and size of the vessels.
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CHAPTER 6
CONCLUSIONS

The primary objective of this work was to determine if, and under
what conditions, the collapse of aqueous veins significantly effects the
total outflow resistance. It was found, however, that before the analysis
of the aqueous véins could begin, we needed more information on the
material properties of the sclera than was available in the literature.
Through the use of a new compression testing system of our design, we
determined that the compressive radial modulus of the sclera is a factor
of 100 Tess than its tangential tensile modulus, and its Poisson's ratio
is between 0.46 and 0,50.

We used the combined results from a large scale experimental study
and a theoretical analysis to determine the relationship between intra-
ocular pressure and cross-sectional area for a circumferentially oriented
aqueous vein, The results from the experimental model could not be used
directly as a measure of the degree of vessel collapse, because we were
unable to precisely match the properties of the sclera. However, by
virtue of the linearity observed in all of the experimental results, the
theoretical predictions for the sclera, strictly valid only for small
deformations, were extrapolated to high degrees of collapse using a
Tinear relationship between the area ratio (A/AO) and intraocular pressure.
Internal vessel pressure was assumed constant at 9 mm Hg. These results

predict nearly total vessel collapse at intraocular pressures greater
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than 55 mm Hg, with the degree of collapse nearly independent of the
radial location in the sclera at which the vessel begins to run circum-
ferentially.

Using this information, we developed an approximate model capable
of predicting the pressure-flow relationship for the agueous outflow
system (assuming that the resistance of other parts of tﬁe aqueous out-
flow system is constant). The results of this model demonstrate that
the resistance, at normal intraocular pressures (16-20 mm Hg), cannot
be attributed to the aqueous veins, but rather, is found in the remainder
of the aqueous outflow system.

However, at higher intraocular pressures (between 35 and 55 mm Hg),
if all aqueous veins run circumferentially for at least part of their
length, the resistance of the aqueous veins, due to their collapse, begins
to increase dramatically. The pressure-flow relatjonship, therefore, will
become highly non-linear at these elevated pressures.

If some of the aqueous veins run in a purely radial direction,
the resistance at elevated intraocular pressures (above 55 mm Hg) asymptot-

ically approaches the value associated with the radially oriented aqueous

3 to 33 MM Ha-min
ul

number and size of the radially oriented vessels). The pressure-flow

veins by themselves (between 8x10” depending on the
relationship, therefore, will become Tinear again at elevated intraocular
pressures with an increase in the total outflow resistance of up to a
factor of 10, depending on the number and size of the radially oriented

vessels,
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APPENDIX A
DEVELOPMENT OF ANALYTICAL MODEL

As mentioned in Chapter 3, the structure was initially assumed to
be an isotropic material, for the purpose of determining the angle (el)
corresponding to zero radial strain. To simplify the analysis, we
analyzed the stresses acting in the plane of the hole, for the conditions
of plane strain (ez = 0), separately from the stresses acting parallel to
its length, Then, the strains induced by the stresses acting parallel to
the axis of the cylinder were superimposed on the previous result.

The equations of equilibrium for plane strain, ignoring body

forces, in cylindrical coordinates are

0 g, X 1 arre i 0. = g £
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The equations were solved in terms of a stress function ¢ by
assuming that ¢ determines the stress components Tps Tgs and T

through the relationships

2
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Substituting the functional relations for Ops Ogs and T in
terms of the stress function ¢ %nto the equations of equilibrium for
plane strain, results in the compatibility equation in cylindrical

coordinates,

2 2 2 2
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First, we considered the orientation of the stress Gt] with
regard to the hole, shown in Figure A-1, along with a cylindrical
coordinate system originating at the center of the hole. Then, accord-
ing to Timoshenko (1934), the solution of the compatibility equation

yields the general form of the stress function

o
e
o

+ D)cos 28 ,

and the corresponding stress components from Equations (A-1), (A-2) and

(A-3) are
g, = <(2A+ 165 + & 2 o5 29 (A-5)
r T 2 2
r r
gy = (2A + 128r2 + %%-)cos 28 ’ (A-6)



51

T (28 + 68r2 - ﬁ%-- gg—)sin 26 (A-7)
r r
Four boundary conditions were required to solve for the constants

A, B, C, and D. As r becomes large, we require that the stress dis-

tribution reduce to

Q
I

%—ot (1 +cos 2) ,
L ]

% = - %-ct] sin 28 -

Also, the surface of the hole must be free of normal (Or) and shear

(Trs) stresses. Applying these conditions, we find

% 2 %t 4
1 a 1 a
Ur=T(]-(F))+TU+3(F)
(A-8)
- 2
=y F') ) cos 286
Ut] I Ut] LA
08=T(1+(F)) "'2—(]"'3(?))03528, (A-9)
Ut1 ., A 102
sl B —2—-{] - 3(-; ) o+ 2( F—) ) sin 28 ’ (A-10)

where a 1is the undeformed radius of the hole.
Next we considered the stress o, shown in Figure A-2, The stress
distribution around the hole caused by this stress was- determined from

Equations (A-8), (A-9), and (A-10) by a simple rotation of axis, which



results in
G, = %ﬁ (1 - { %-)2) : g?-(1 + 3( i;-) - 4( %-)2) cos 26 , (A-T1)
gy ;E.(1 £ g.)z) + ;?-(1 + 3( %-)4) cos 28 , (A-12)
T gg—(] - 3( %—)4 + 2 % )2) sin 28 : (A-13)

To analyze the effect of internal pressure, the hole and the
surrounding material were modeled as a thick-walled cylinder where the
outside radius (b) approaches infinity. The corresponding stresses
induced in the surrounding material by an internal pressure PV "

according to Timoshenko (1934), are

a2PV a2b2PV
G, = - :
r (b2 4 a2) (b2 ¥ ;25r2
azpv a2b2PV
o, = + :
0 (b2 = 325- (b2 - az)r'2

As the outside radius (b) approaches infinity, the first term in

each expression goes to zero, while the second term reduces to

2
a PV
GG ey . (A-14)
r
aZP
0y = —7 ’ _ (A-15)
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Since the governing equations are linear, we can superimpose the

respective stress components, Equations (A-8) through (A-15), to obtain

Ot] % S Gt]'od 4
Ur.= (—T—“)U'(; )+(—2——)(1+3(%‘)
' (A-16)
a 2 a 2 -
- 4(?"))(:0528 =i (F) PV >
e T 44 2 e L4
Ga 1 ( ————2———-)(1 £ L)) = e U R S IS 20
(A-17)
2
+ (=) B ;
Gd'ct] L4 2
T = (——)(0-3(%) +2( %) )sin2e ., (A-18)

The strains brought about as a consequence of the above stresses

were determined by Hooke's law, for an isotropic material, which specifies

that
£ =1~(c-\)c-\)c')
r E I 8 Z 2
g, = ! (-veo +0. - vo! )
f E r 8 z >
el
Yrg =~ G 'ro X

The component of stress which acts parallel to the axis of the cylinder
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(oé) is the summation of the stresses induced by the requirement of plane

strain and the stress Op s and results in
2

1
= + 3 .
a! v(dr o o4

0! 5

The respective strain components become, after carrying out the

indicated subsitutions

_ 1 2 2

S -g((1 -V )or +  (-v=v )oe - vctz) -
o 2 2

Ee = E—((-V-V )Gr ot (1-v )Ue-vctz) s
= L

Yre G ‘ro e

The displacement of the surface of the hole caused by these strains
was obtained by determining the radial (u) and tangential (v) displacement

functions such that the relationships

a2
€p ar 4
u aVv
= e i
€o r 30 :
= 1 Bu oL (RN 4
Trg r 28 ar e
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are satisfied. Upon making the proper substitutions, and performing the
required integrations, the radial displacement function evaluated at the

surface of the hole (r=a) was found to be

Upeg = & L0-07) (o,

£n +ay + 2(Ot] - cd)cos 28) + (1+\))Pv - votzj g (A-19)

1

The angle at which the surface of the hole is undeformed is ob-

tained by setting Equation (A-19) equal to zero, resulting in

v 1+v
o R R e
8, = »cos | )4l (A-20)
O't-[ O'd

Since the angle obtained from this expression was found to be
fairly constant (+ 2°) for the conditions present in the first series
of experiments conducted (Sectjon 3.2.3), we used average value of the
angle for these studies. However, when varying internal vessel pressure,
the angle was calculated for each sef of conditions investigated,

The isotropic model of the structure was then separated into
segments; we used the tangential tensile modulus of the sclera for those
portions of the vessel being enlarged (tensile stresses predominate),
and the compressive radial modulus of the sclera for those portions of
the vessel being compressed (compressive stresses predominate). The cross-

sectional area of the vessel was determined through an integral of the form
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which results in
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2

dvu(T-v )(ot - Gd)Gt 4(1-\)2)(1+v)(ot - od)Pv
4 l-sin 28 1 ] 2 _ 1
7 1 E2 EZ
cs cs
4(]-v2)2(0t] + od)(ct] - od) 4(]-\)2)(0t - Ud)
1
- 2
Ecs Ets
2
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8 1 E
cs

This expression is used to obtain the analytical curves shown in Figures

26-30.

)
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TABLE 1
LINEAR REGRESSION VALUES FOR THE RADIAL
COMPRESSIVE MODULUS OF CATTLE SCLERA

-

Radial COmpressiﬁe Modulus Correlation
Sample (dynes/cm¢) Coefficient
Ist Eye 1.21x10° + 15% 0.987
Pair #1
2nd Eye 1.83x10° + 143 0.985
Ist Eye 1.88x10° + 14% 0.975
Pair #2

2nd Eye 1.44x10° + 15% 0.985
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TABLE 2

LINEAR REGRESSION VALUES FOR THE RADIAL

COMPRESSIVE MODULUS OF HUMAN SCLERA

Radial Compressive Correlation Poisson's
Sample Modulus (dynes/cm?) Coefficient Ratio
41 4.12x10° + 11% 0.982 -
1st Eye
#2 4.00x10° + 11% 0.993 0.49 + 6%
93 year old
#1 3.31x10° + 12% 0.991 -
2nd Eye
#2 3.27x10° + 12% 0.988 0.50 + 6%
Ist Eye 2.69x10° + 13% 0.992 0.48 + 6%
74 year old
2nd Eye 2.89x10° + 13% 0.982 0.47 + 6%
Ist Eye 3.18x10° + 12% 0.989 0.46 + 6%
63 year old
2nd Eye 3.24x10° + 12% 0.982 0.47 + 6%
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TABLE 3

LINEAR REGRESSION VALUES FOR THE TANGENTIAL TENSILE
MODULUS OF HUMAN SCLERA

Range of
Reference Tensile StEesses Tangent1a1 Tens1]§ Correlation
(dynes/cm<) Modulus dynes/cm Coefficient
Glouster (1957  1.1x10° - 4,4x10° 2.86x10’ 0.961
Curtain (1969) 0 -7.3x0°  1.97x107 - 1.22x10%  0.944-0,983
Woo (1972) _ 0 - 7.3x10° 1.91x107 10,973
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TABLE 4

SLOPES OF LINEAR

RELATIONSHIPS BETWEEN A/Aqy AND IOP

d(A/AO)/d(IOP/Ecs)
Radial Location of
Circumferentially Theoretical Theoretical Experimental
Oriented Vessel Foam Sclera
Quter wall of Schlemm's
Canal (Gd - -10P) -1.24 -3.43 -1.20
0.22 mm from outer wall
of Schlemm's canal ~1.66 -3.66 -2.15
(od = -3/4 10P)
0.46 mm from outer wall
of Schlemm's canal -2.03 -3.96 -2.88
0.72 mm from outer wall -2.48 -4.23 3.64

of Schlemm's canal
(Ud = -1/4 10P)
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Intraocular Pressure, Based on the 4 Step Model of
Their Path, P, = 9 mm Hg: 1 - One Large Aqueous
Yein Oriented in the Radial Direction While All
Others Conform to the 4 Step Model of Path (5% of
the Total Vessel Length in the Circumferential
Directjon), 2 - One Large Aqueous Vein Oriented
in the Radial Direction While All Others Conform
to the 4 Step Model of Path (50% of the Total
Vessel Length in the Circumferential Direction),

3 - A1l Aqueous Veins Conform to the 4 Step Model
of Path (5% of the Total Vessel Length in the
Circumferential Direction), 4 - All Aqueous Veins
Conform to the 4 Step Model of Path (50% of the
Total Vessel Length in the Circumferential Direc-
tion); Dashed Line Represents the Resistance of One
Large Aqueous Vein,

40 Resistance of the Aqueous Veins as a Function of 111
Intraocular Pressure, Based on the 2 Step Model of
Their Path, Py, = 9 mm Hg: 1 - 5% of the Total Vessel
Length in the Circumferential Direction, 2 - 50% of
the Total Vessel Length in the Circumferential
Direction.

41 Resistance of the Aqueous Veins as a Function of 112
Pressure, Based on the 3 Step Model of Their Path,
Py = 9 mm Hg: 1 - 5% of the Total Vessel Length in
the Circumferential Direction, 2 - 50% of the Total
Vessel Length in the Circumferential Direction.
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