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Purrosk. To test the hypothesis that changes in the viscoelastic
material properties of peripapillary sclera are present within
monkey eyes at the onset of early experimental glaucoma
detected by confocal scanning laser tomography (CSLT).

MEetHODS. Short-term (3-9 weeks), moderate (=44 mm Hg)
intraocular pressure (IOP) elevation was induced in one eye of
each of eight male monkeys by lasering the trabecular mesh-
work. This procedure generated early experimental glaucoma,
defined as the onset of CSLT-detected optic nerve head (ONH)
surface change, in the treated eye. Scleral tensile specimens
from the superior and inferior quadrants of the eight early-
glaucoma eyes were subjected to uniaxial stress relaxation and
tensile tests to failure and the results compared with similar
data obtained in a previous study of 12 normal (nonglaucoma-
tous) eyes. Linear viscoelastic theory was used to characterize
viscoelastic material property parameters for each specimen.
Differences in each parameter due to quadrant and treatment
were assessed by analysis of variance (ANOVA).

Resurts. Peripapillary sclera from the early-glaucoma eyes
exhibited an equilibrium modulus (7.46 = 1.58 MPa)
that was significantly greater than that measured in normal
eyes (4.94 = 1.22 MPa; mean *= 95% confidence interval,
P < 0.01, ANOVA). Quadrant differences were not signifi-
cant for the viscoelastic parameters within each treatment
group.

Concrusions. The long-term viscoelastic material properties of
monkey peripapillary sclera are altered by exposure to moder-
ate, short-term, chronic IOP elevations and these alterations are
present at the onset of CSLT-detected glaucomatous damage to
the ONH. Damage to and/or remodeling of the extracellular
matrix of these tissues may underlie these changes in scleral
material properties. (Invest Ophthalmol Vis Sci. 2005;46:
540-546) DOI:10.1167/i0vs.04-0114
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e are constructing finite element models of the load-

bearing connective tissues of the monkey optic nerve
head (ONH) and posterior scleral shell as part of our ongoing
studies of the optic nerve head as a biomechanical structure
(Bellezza AJ, et al. IOVS 2003;44:ARVO E-Abstract 1094; Downs
JC, et al. IOVS 2002;43:ARVO E-Abstract 4042)." The finite
element method is a computer-based engineering technique
that estimates the stresses (force/cross-sectional area) and
strains (local deformation under those stresses) within a com-
plex load-bearing structure.? The important aspects of a finite
element model are the three-dimensional geometry and mate-
rial properties of the load-bearing structure and the appropri-
ate boundary and mechanical loading conditions.” Within such
models of the monkey ONH, scleral material properties are
needed to characterize accurately the important transition be-
tween the peripapillary sclera and the peripheral laminar
beams.

To characterize the material properties of peripapillary
sclera, we constructed a controlled-environment testing appa-
ratus capable of performing uniaxial biomechanical testing of
soft tissues in tension. The overall response of a tissue to a load
is the combination of instantaneous (elastic) and time-depen-
dent (viscous) responses, which are governed by its viscoelas-
tic material properties. All soft tissues are viscoelastic, and the
characterization of the instantaneous and time-dependent as-
pects of these material properties is important in understand-
ing a tissue’s behavior as a load-bearing structure and its re-
sponse to short- and long-term changes in the applied load.
Accurate characterization of a tissue’s material properties can
lead to a broader understanding of the mechanisms that under-
lie tissue damage, as well as determine the resultant altered
load-bearing behavior of a remodeled or healed tissue.

In a previous report we performed quadrant-based uniaxial
tensile testing of peripapillary sclera from normal rabbit and
normal monkey eyes® and found no differences in the vis-
coelastic material properties of the peripapillary sclera by
quadrant (superior, inferior, nasal, and temporal to the ONH)
in either species. In addition, when normal rabbit and monkey
sclera were compared with one another, peripapillary sclera
from monkey eyes was stiffer and showed slower stress relax-
ation than sclera from rabbit eyes.

The present study tests the hypothesis that changes in the
viscoelastic material properties of monkey peripapillary sclera
are present at the earliest detectable stage of glaucomatous
damage to the ONH, defined as the onset of confocal scanning
laser tomography (CSLT)-detected ONH surface change.

MATERIALS AND METHODS

Animals, Scleral Specimens, and Study Design

All animals were treated in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. In the present
study, a single scleral tensile specimen was generated from either the
superior or inferior quadrant of eight eyes with experimental early
glaucoma, yielding four early-glaucoma specimens for each quadrant.
Each specimen underwent a multistage uniaxial tensile test. Viscoelas-
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tic material property parameters for each early-glaucoma specimen
were then calculated, and the data were pooled by quadrant and
compared by analysis of variance (ANOVA) with the superior and
inferior quadrant data obtained from 12 normal eyes in a previous
study.® Thus, this report contains viscoelastic material property data
for peripapillary scleral specimens from 20 eyes of 14 monkeys: 8
early-glaucoma eyes (specimens 1-8) and 12 normal eyes (specimens
9-20; Table 1).

Early Experimental Glaucoma

Our protocol for generating early experimental glaucoma has been
described in detail in a previous report.” Briefly, in both eyes of eight
monkeys, compliance testing of the ONH surface was performed on
three separate occasions to characterize normal ONH surface position
and compliance. Early experimental glaucoma was then induced in
one eye of each animal by lasering the trabecular meshwork every 2
weeks until a statistically significant elevation in IOP was observed
(mean * SD of the IOP elevation, 19 = 7.2 mm Hg). Each eye was
compliance tested every 2 weeks from the beginning of lasering to
detect the onset of early glaucomatous damage to the ONH tissues,
defined as the onset of fixed posterior deformation of the ONH surface
and/or the onset of ONH surface hypercompliance in two consecutive
compliance tests.

Specimen Preparation and General
Testing Methodology

Our methodology, which was described in detail in our previous
report,” is briefly presented here. Each animal was anesthetized with
an intramuscular injection of ketamine/xylazine and killed with an
intravenous injection of pentobarbital. Immediately after death, each
eye was enucleated and cleaned of all extraorbital tissues. The ONH
was removed from the surrounding sclera with a 6-mm-diameter tre-
phine for use in another study, with care taken to include as little of the
peripapillary sclera in the testing quadrant as possible (typically, =1
mm). A dumbbell-shaped cutting die was used to produce a precise
tensile specimen of peripapillary sclera with a gauge length of 8 mm,
a gauge width of 3 mm, and grip-end widths of 7 mm. Before testing,
the scleral specimens were stored in isotonic (pH 7.4) phosphate-
buffered saline (PBS) for a minimum of 30 minutes at zero load to allow
for equilibration and rehydration of the tissues.

Each scleral tensile specimen was clamped into custom-built, soft-
tissue grips and mounted in a testing environment chamber. The
custom-built chamber was designed to maintain the specimen in a fog
of 37°C PBS for the duration of each testing sequence. The chamber
was mounted on a servo-hydraulic test frame (Bionix 858; MTS, Inc.,
Eden Prairie, MN), fitted with an integrated computer-based test con-
troller and digital data acquisition system (Teststar II; MTS, Inc.). A
biomedical extensometer (model 632.32F; MTS, Inc.) and a 250-N load
cell (in the 10% range, 0-25 N; model 661.11A; MTS, Inc.) were used
to measure strain and load, respectively.

Uniaxial Testing in Tension

Peripapillary scleral specimens were tested as follows, using a protocol
identical with that reported previously.”> The specimen was fitted in
the testing chamber and warmed to 37°C in a fog of PBS at zero load
for approximately 15 minutes. After an 0.08-N tensile preload was
applied and the extensometer was mounted, the specimen was initially
preconditioned with 10 cycles of 0 to 150 um of grip-to-grip displace-
ment at a rate of 150 wm/s in displacement control, followed by a
360-second recovery period at zero displacement. The specimen was
then subjected to a second preconditioning phase consisting of 10
cycles of 50- to 350-um displacement at 175 um/s and rested again for
360 seconds. The second phase of preconditioning generated strain
amplitudes of approximately 1% in the central 5-mm gauge section,
and was performed to provide a cyclic loading regimen that could be
used for validation of future computational models of scleral tensile
specimens. The specimen was then subjected to a stress relaxation test
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consisting of a tensile ramp in strain rate control at a strain rate of 1%
per second to 1% strain, with the ramp-ending displacement held for
1000 seconds. After a third 360-second recovery period at zero dis-
placement, each specimen was subjected to a tensile ramp to failure
(or a maximum of 20% strain) at a strain rate of 1%/s. Data for tensile
load and gauge strain were recorded at 0.01-second intervals.

Estimation of Elastic and Viscoelastic Parameters
for Each Specimen

Four principal viscoelastic parameters were derived from the stress
relaxation test of each scleral tensile specimen. The instantaneous
modulus, E,, , is a measure of the instantaneous stiffness of the tissue.
The short-term and long-term time constants, 7 and 7,, describe the
time-dependent stress relaxation response of the sclera and are mea-
sures of how quickly the tissue relaxes to an equilibrium stress after a
rapid deformation (Fig. 1). The short- and long-term time constants are
measures of the shortest and longest time-scale components, respec-
tively, of the tissue’s stress relaxation response. The equilibrium
modulus, E., is a measure of the tissue’s stiffness after it has fully
relaxed after a rapid deformation (Fig. 1) and is a measure of the
long-term stiffness of the tissue. The full derivation of these parame-
ters, which is described in our previous report,” is briefly described in
the next section.

Analytical Methods

Linear viscoelastic theory,” incorporating a reduced relaxation func-
tion,®” was used to characterize the viscoelastic properties of peripap-
illary sclera as follows. A viscoelastic material, when subjected to a step
strain input, g,, exhibits a stress relaxation response, o, that can be
expressed as

o(e4,t) = G(1)o*(e4) €))

where 0° (¢, is the linear elastic stress response defined at equilibrium
(time, ¢ = %) and G (¥ is the time-dependent, reduced-relaxation
function that satisfies G'(©) = 1.

We used the following functional form to define a spectral reduced-
relaxation function

C n
_ - —tr 4
G(1) p ie 1, @@

where ¢ is the spectral magnitude, 7 is the number of spectral time
constants, and 7, _ 7gand 7, _ 7, are the short- and long-term relax-
ation time constants, respectively. Stress was normalized with respect
to o(t = ») and we used Hooke’s law as it applies to the fully relaxed
state: 0(®) = E_ &(®), where E, is Young’s modulus at equilibrium
(equilibrium modulus). For given short- and long-term relaxation time
constants, 7¢ and 7,, 7 spectral relaxation time constants were uniquely
determined” by the formula

7= el ImA for =12 m,

— (6]

I 1 ;

ere Ar og(t,) og(n)’
(n—1)

which distributes the spectral time constants at equal intervals between 7
and 7, on the log time scale. We calculated the instantaneous modulus of
the tissue, E,, _ 0(0)/g,, by evaluating equation 1 at time, ¢ = 0.

For a linear increase in strain at a finite rate, €, beginning at time 0 and
ending at time /,, the stress at time, #, according to equations 1, 2 and 3 is

o(t) = éE Eir (1 — e ™)+t | for 0=t=t, 4
© n i 0

i=1
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FIGURE 1. Graph of the experimental data and associated curve fit

showing the tensile ramp and relaxation phases of the stress relaxation
test of a representative specimen.

ol
o(t) = §E., ;E 7, (" — 1)e ™" + 1, | for t, = t. )

i=1

Equations 4 and 5 were fit simultaneously to the two stages of the
experimental stress relaxation data® (the tensile ramp and the relax-
ation phase), by using the Levenberg-Marquardt nonlinear, least-
squares algorithm, which yields unique estimates’ of c, T, T;, and E,.
for a given value of n (Fig. 1).

For a sufficiently large », the parameters c, 7, and 7, in the spectral
relaxation function defined by equations 2 and 3 are equivalent to
Fung’s well-known reduced-relaxation function,®>>7 and c, 75, and T,
can be uniquely defined independent of 7.7 Chi-squared (x*, a measure
of goodness of fit) was minimized to determine the minimum value of
1 necessary to guarantee the uniqueness of these parameters.” The
minimum 7z required for the parameters to converge to their unique,
terminal values varied from 3 to 7, depending on the specimen. No
significant change in the parameters resulted from increasing the
number of spectral terms beyond that necessary to minimize x>.

Statistical Analysis

Viscoelastic Parameters. An ANOVA was used to determine
the effects of quadrant and treatment on the short- and long-term time
constants, and the instantaneous and equilibrium moduli. Confidence
intervals were calculated using the SE, which employs the pooled
variance of all values in the ANOVA for each parameter.

Tensile Ramp to Failure Testing. A second ANOVA was
used to assess the effects of quadrant and treatment on the stress values
obtained at the integer percentage values of strain (1%, 2%, . .., 10%)
for the tensile ramp-to-failure tests.
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FIGURE 2. Mean stress relaxation responses of peripapillary sclera
from normal and early-glaucoma monkey eyes (superior and inferior
quadrant specimens combined). Note that the curves diverged only
after approximately 120 seconds of loading. See Table 2 for a statistical
comparison of the parameters used to generate these curves.

RESULTS

Data for the 8 early-glaucoma and 12 normal peripapillary
scleral specimens are summarized in Table 2. Because the
material properties by quadrant (superior and inferior only)
within each treatment group (normal and early glaucoma)
were not different (P > 0.05, ANOVA), the data for each
parameter are reported by treatment group only.

Viscoelastic Material Property Parameters by
Treatment Group

The instantaneous modulus and the long- and short-term time
constants of peripapillary sclera from the superior and inferior
quadrants of normal (z = 12) and early-glaucoma (n = 8)
monkey eyes were not significantly different by treatment
group (P > 0.05, ANOVA; Table 2). However, the equilibrium
modulus of sclera from early-glaucoma eyes (7.46 + 1.58 MPa)
was significantly higher than that from normal eyes (4.94 *
1.22 MPa; Table 2, P < 0.01, ANOVA).

The mean stress relaxation responses of peripapillary sclera
(superior and inferior quadrants pooled) from both normal and
early-glaucoma monkey eyes are shown in Figure 2. Note the
high degree of stress relaxation over the relatively short dura-
tion of the test and the higher equilibrium stress evident in the
early-glaucoma group, which is a manifestation of the signifi-
cantly higher equilibrium modulus in the early-glaucoma eyes.

Tensile Ramp to Failure by Treatment Group

Mean stress-strain curves for tensile ramps to failure at a strain
rate of 1% per second to 10% strain are plotted by treatment
group in Figure 3. These curves are virtually identical, which
indicates that a detectable alteration in the short-term mechan-

TABLE 2. Viscoelastic Material Properties by Treatment Group

Normal Eyes Early-Glaucoma Eyes

n =12) (n =8
Instantaneous modulus®, E,, (MPa) 33.9 £ 3.43 34.3 + 4.45
Short-term time constant, 7 (S) 0.527 * 0.271 0.717 £ 0.352
Long-term time constant, 7, () 183 = 82.2 252 = 107
Equilibrium modulus, E,. (MPa) 494 +1.22 7.46 + 1.58t

Data are the mean * 95% confidence interval.
*Eoy = [1 + ¢ In(7,/TIE...
T Significantly different from the normal eyes (P = 0.01).

Downloaded from iovs.arvoijournals.org on 07/02/2019



544 Downs et al.

1.50 4
—0— Normal Monkey Sclera
s —&— Early Glaucoma Monkey Sclera
& -
= = —
< 1.00 4 =
o -
w 0.75 #"
0 L 4
¢ ' 4
- ’
o 0.50 /
Y
J1 7/
0.25 /
0.00 L) T L) L] L] Ll T L) T T 1
0 1 2 3 4 5 6 7 8 9 10

Strain (%)

FIGURE 3. Mean stress-strain curves for peripapillary sclera from nor-
mal and early glaucoma monkey eyes tested in uniaxial tension at a
strain rate of 1% per second (superior and inferior quadrant data only;
bars, 95% confidence interval).

ical response of the tissues was not present in eyes with early
experimental glaucoma.

Di1sCUSSION

In this study, we characterized the uniaxial viscoelastic mate-
rial properties of peripapillary sclera from the superior and
inferior quadrants of monkey eyes with early experimental
glaucoma, to test the hypothesis that alterations in the peri-
papillary sclera of early-glaucoma monkey eyes occur early in
response to chronic IOP elevation. To do so, we compared the
peripapillary scleral material properties from early-glaucoma
eyes (determined in this study) with the material properties of
peripapillary sclera from the superior and inferior quadrants of
normal monkey eyes studied as part of a previous report.> The
testing protocol and the analytical approach were identical
with those used in our previous work.”

The principal findings of the current report are as follows.
First, peripapillary sclera (superior and inferior quadrants only)
of early-glaucoma eyes exhibited an equilibrium modulus that
was significantly greater than that measured in normal eyes
(P < 0.01, ANOVA). Second, we detected no differences be-
tween peripapillary sclera from early-glaucoma and normal
eyes in the instantaneous modulus and the short- and long-term
time constants (P > 0.05, ANOVA). This finding suggests that
the long-term elastic properties of monkey peripapillary sclera
are altered by exposure to moderate (23-44 mm Hg), short-
term (3-9 weeks), chronic IOP elevations and that these alter-
ations are present at the onset of CSLT-detected glaucomatous
damage4 to the ONH. Third, we detected no differences in the
viscoelastic material properties of peripapillary sclera from the
superior and inferior quadrants of early-glaucoma eyes. Finally,
stress-strain curves from a tensile test to failure at a 1% per
second strain rate were virtually identical in sclera from both
normal and early-glaucoma eyes.

For the material properties of peripapillary sclera to be
altered at this early stage of glaucomatous damage, the extra-
cellular matrix (ECM) of the tissue must be damaged and/or
remodeled. Cellular mechanotransduction and ECM remodel-
ing have been reported in other load-bearing collagenous tis-
sues, in which fibroblasts secrete factors that elicit changes in
the surrounding ECM in response to an increase in strain.® It is
likely that such strain-induced changes in protein and genetic
factor expression act to increase the resistance of the ECM to
further strain, thereby shielding the tissues and cells from
future damage. Changes in the ECM of the lamina cribrosa in
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glaucomatous human and monkey eyes with more advanced
glaucomatous damage have been reported by other investiga-
tors.” '% Quigley et al.’® reported a decrease in collagen fibril
density within the lamina cribrosa and peripapillary sclera in
human eyes with moderate or severe glaucomatous damage.
Although their study did not detect this effect in monkeys, our
results indicate that alterations in the ECM of peripapillary
sclera occur early in response to chronic IOP elevation and that
these alterations are sufficiently large to be detected using
mechanical testing.

Although IOP-related stress remains constant across eyes
with identical peripapillary geometry (thickness and curva-
ture), strain (local deformation) within sclera that is identically
loaded depends on the sclera’s material properties. Once the
material properties of the peripapillary sclera are altered, the
eye deforms differently under the same level of IOP-related
stress. IOP-induced deformation within the peripapillary sclera
should be an important contributing factor to the overall bio-
mechanical response of the ONH. Peripapillary scleral defor-
mation may be directly transferred to the peripheral laminar
insertions through the scleral canal wall. Large scleral defor-
mations may secondarily diminish the volume flow of blood
through the contained branches of the posterior ciliary arter-
ies.'® In addition, in those conditions, such as myopia, in
which either the sclera is thinned'>'® or its ECM altered,'”
scleral deformation after a similar change in IOP is likely to be
increased.

We recently reported that posterior sclera of young adult
monkeys thins in response to exposure to chronic IOP eleva-
tions,'® and this may also hold true for peripapillary sclera. If
sclera from early-glaucoma eyes is thinner than sclera from
normal eyes, then the scleral stress would be higher in the
early-glaucoma eyes at a given IOP. With respect to the testing
reported herein, this phenomenon would result in an increase
in the instantaneous and equilibrium moduli we report in the
early-glaucoma eyes, thereby accentuating the difference in the
equilibrium modulus.

In physical terms, the increased equilibrium modulus that
we report indicates that peripapillary sclera from early-glau-
coma eyes is stiffer than that from normal eyes for IOP in-
creases that last longer than 2 minutes (Fig. 2). A stiffer scleral
shell stretches less at a given elevated IOP and is thus less able
to reduce IOP over time through globe expansion. Hence, after
an IOP elevation of fixed magnitude lasting longer than 2
minutes (such as diurnal IOP fluctuations), IOP remains higher
in an early-glaucoma eye than in a normal eye (Fig. 2). How-
ever, this phenomenon would not be present during transient
IOP elevations (blink, squint, or eye rub; Figs. 2, 3), the re-
sponse to which is largely dependent on the instantaneous
modulus and short- and long-term time constants, parameters
that exhibited no detectable difference by treatment. The vir-
tually identical stress-strain curves plotted in Figure 3 confirm
that the instantaneous elastic properties of sclera are not de-
tectably altered in response to chronic IOP elevation.

Zeimer'® has suggested that a mismatch of the material
properties of the lamina cribrosa and peripapillary sclera is an
important contributor to the pathophysiology of glaucomatous
damage to the tissues of the ONH. We have reported that
hypercompliance of the ONH surface®?*?' and underlying
connective tissues® is present at the same stage of early glau-
comatous damage reported in the current study. If the ONH
connective tissues have become more compliant and the peri-
papillary sclera less compliant in an eye with early glaucoma,
IOP elevations (such as diurnal IOP fluctuations) may expose
the glaucomatous ONH to higher shear stresses at the insertion
of the lamina cribrosa into the sclera.

Our study is limited by the following considerations. First,
due to the size of the harvested specimens and the nature of
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tensile testing, we could generate only one peripapillary scleral
tensile specimen and one measurement of each of the material
property parameters per eye. Thus, due to the lack of repeated
measures, we were not able to directly compare the material
properties of the peripapillary sclera from the normal and
early-glaucoma eyes within individual monkeys.

Second, only eight early-glaucoma eyes were generated in
this study, and so we were limited to testing specimens from
the superior and inferior quadrants to maintain an adequate
sample size of n = 4 per quadrant. Peripapillary scleral material
properties of specimens from the nasal and temporal quadrants
may be altered differently as a result of exposure to IOP
elevations, compared with the superior and inferior quadrant
data reported here. Future studies are necessary to characterize
the peripapillary sclera fully at this early stage of connective
tissue damage.

The limitations of the testing methodology have been
described in detail® and are recounted briefly here. First, we
did not measure thickness within each specimen, but in-
stead assigned a thickness of 400 um to all our specimens
based on our previous characterization of monkey peripap-
illary scleral thickness.?” The specimens were taken begin-
ning approximately 1 mm from the scleral canal, which is
outside the region of greatest variability in peripapillary
scleral thickness.?* We were unable to measure scleral thick-
ness with ultrasound or other nondestructive techniques, as
it is not possible to distinguish the load-bearing sclera from
the adjacent episclera in fresh tissues. Assigning a fixed
scleral thickness for the calculation of stress is a major
assumption and is a likely source of error in the reported
results, although previous work has shown no statistically
significant differences in the thickness of sclera from the
superior and inferior quadrants in the peripapillary region.??
That the inferior and superior quadrants exhibit similar
material properties suggests that there is little difference in
scleral thickness between quadrants within treatment
groups. Also, the nearly identical short-term stress-strain
response of sclera from normal and early-glaucoma eyes
(Fig. 3) and the lack of significant treatment effect in the
instantaneous modulus and time constants (Table 2) suggest
that scleral thickness did not vary significantly between
treatment groups in this study. It is possible that sclera from
the glaucomatous eyes is thinner and stiffer than sclera from
normal eyes, resulting in the similar instantaneous responses
we report, but that would only accentuate the reported
difference in equilibrium modulus.

Second, the preload necessary to assure consistent mount-
ing of the extensometer arms (0.08 N) generated scleral
stresses that are relatively high compared with normal levels of
IOP. Using this type of contact extensometer was necessary to
employ strain-rate-controlled testing. A uniaxial tensile preload
of 0.08 N is equivalent to an IOP of approximately 40 mm Hg.*?
This is higher than the IOPs of 8 to 18 mm Hg we measured in
the normal eyes of resting, anesthetized monkeys (Table 1).

Third, uniaxial tensile testing was used to ascertain the
isotropic (uniform) properties of an anisotropic (nonuniform)
tissue. Sclera is likely to be stiffer in the direction of the
predominant collagen fibril orientation, which depends on
location in the globe. Our assumption of isotropic properties is
based on previous work on fibril orientation in the peripapil-
lary region, where the fibrils follow a circular path ringing the
scleral canal.'®'>2%-26 Uniaxial testing of tensile specimens
from the peripapillary region should provide a valid first esti-
mate of the material properties of sclera in the axial direction
of the specimen, which coincides with the direction of pre-
dominant fiber orientation. The moduli of sclera in any direc-
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tion not parallel to that of the predominant fibril orientation are
likely to be lower than that reported here.

Finally, it should be noted that the early-glaucoma speci-
mens were predominantly from cynomolgus monkeys and the
normal specimens were predominantly from rhesus monkeys
(Table 1). This was inadvertent and may be a source of error if
there are species-specific differences in peripapillary scleral
material properties. We performed an ANOVA to compare the
viscoelastic properties of inferior scleral tensile specimens 11
to 14 (rhesus) to that of specimens 19 and 20 (cynomolgus;
Table 1), and found no significant differences in any of the
parameters by species (data not shown).

The uniaxial viscoelastic material properties reported in
Table 2 are being incorporated into finite element models of
the posterior scleral shell and ONH of the normal and early-
glaucoma monkey to study the role of IOP in the development
and progression of glaucoma (Bellezza AJ, et al. IOVS 2003;44:
ARVO E-Abstract 1094; Downs JC, et al. IOVS 2002;43:ARVO
E-Abstract 4042). Future improvements in testing will allow us
to generate biaxially determined anisotropic material proper-
ties of the sclera and incorporate these refined properties into
our models.
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