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Abstract

Background and objective—The trabecular meshwork (TM) consists of extracellular matrix
(ECM) with embedded collagen and elastin fibers providing its mechanical support. TM stiffness
is considerably higher in glaucoma eyes. Emerging data indicates that the TM moves dynamically
with transient intraocular pressure (IOP) fluctuations, implying the viscoelastic mechanical
behavior of the TM. However, little is known about TM viscoelastic behavior. We calculated

the viscoelastic mechanical properties of the TM in n=2healthy and n=2glaucoma eyes.

Methods—A quadrant of the anterior segment was submerged in a saline bath, and a cannula
connected to an adjustable saline reservoir was inserted into Schlemm’s canal (SC). A spectral
domain-OCT (SD-OCT) provided continuous cross-sectional B-scans of the TM/JCT/SC complex
during pressure oscillation from 0 to 30mmHg at two locations. The TM/JCT/SC complex
boundaries were delineated to construct a 20-um-thick volume finite element (FE) mesh. Pre-
tensioned collagen and elastin fibrils were embedded in the model using a mesh-free penalty-
based cable-in-solid algorithm. SC pressure was represented by a position- and time-dependent
pressure boundary; floating boundary conditions were applied to the other cut edges of the model.
An FE-optimization algorithm was used to adjust the ECM/fiber mechanical properties such that
the TM/JCT/SC model and SD-OCT imaging data best matched over time.

Results—Significantly larger short- and long-time ECM shear moduli (p=0.0032), and collagen
(1.82x) and elastin (2.72x) fibril elastic moduli (p=0.0001), were found in the TM of glaucoma
eyes compared to healthy controls.

Conclusions—These findings provide additional clarity on the mechanical property differences
in healthy and glaucomatous outflow pathway under dynamic loading. Understanding the
viscoelastic properties of the TM may serve as a new biomarker in early diagnosis of glaucoma.
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1. Introduction

Primary open angle glaucoma (POAG) is a leading cause of progressive and irreversible
blindness [1-4]. High intraocular pressure (I0OP) is a key risk factor in POAG patients,

and is the only risk factor that is amenable to intervention [5-7]. While great strides have
been made in understanding aqueous outflow [8-10], gaps in our knowledge remain. It is
important to fully understand the mechanisms that maintain 1OP within a normal range so
glaucoma patient’s abnormalities can be diagnosed and treated. [11, 12]. The resistance

to the aqueous outflow in both the conventional and unconventional pathways regulates

the 10P to maintain it within a normal range of ~15 mmHg [13-15]. The aqueous in the
conventional outflow pathway drains through the trabecular meshwork (TM), which consists
of several layers of perforated cell-lined lamellae that form beams. Aqueous flows through
the TM to reach a thin layer of loose extracellular matrix (ECM) with embedded cells

that form the juxtacanalicular tissue (JCT). The flow then passes through the inner wall
endothelium of Schlemm?’s canal (SC) to enter the SC lumen, which is a torus-like structure
in the sclera that encompasses the circumference of the eye at the limbus. Aqueous humor
flows circumferentially along the SC to one of 20-30 collector channels followed by exiting
to aqueous and episcleral veins [16-20].

The biomechanical properties of the outflow system play an important role in IOP
regulation. It has been shown that alterations in TM stiffness result in a change in TM
motion. The stiffness alteration is thought to be a hallmark of ocular hypertension that leads
to glaucoma [21-23]. Therefore, TM/JCT/SC motion, resultant contributions to aqueous
outflow resistance, and altered stiffness in glaucoma largely depend on the biomechanical
properties of these tissues. Alterations in the ECM components and TM cellularity are
known to contribute to the change in TM biomechanical properties [24-27].

The TM consists of ECM with embedded collagen [27-29] and elastin [30-33] fibers that
are the main determinates of TM stiffness. Several studies have found that the TM is
considerably stiffer in POAG eyes [17, 34-42] implicating the collagen and elastin fibers.
Phase-sensitive optical coherence tomography (PhS-OCT) imaging data in human eyes
revealed less TM motion in glaucoma eyes compared to normal controls [19-22, 43]. The
reduced motion detected by OCT also implies a stiffer TM and altered collagen and elastin
properties in POAG eyes.

Numerical approaches, such as the finite element method (FEM), have also suggested a
higher stiffness in glaucomatous human TM. A study using FE modeling of spectral-domain
OCT (SD-OCT) images suggested that TM motion determines bulk TM stiffness [44, 45].
Experimental studies have also shown that outflow facility is related to TM stiffness in both
healthy and glaucomatous eyes [45]. The TM in the computational studies was treated as

an isotropic hyperelastic material [44, 45], although it is known that soft biological tissues
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are viscoelastic and anisotropic [46-52]. Hence, simulating the TM as an isotropic elastic
or hyperelastic material does not incorporate its time-dependent anisotropic mechanical
behavior under dynamic loading in the aqueous outflow system.

In elastic materials, the stress is proportional to the strain and is independent of both

loading rate and time. In contrast, viscoelastic materials exhibit time dependent behavior,

so the stress is proportional to the time-dependent strain rate as well. The TM mechanical
response, resistance, or motion with respect to the aqueous outflow varies with transient

IOP fluctuation magnitude [53, 54]. IOP fluctuation [55-57] induces a dynamic mechanical
environment in the outflow system, which results in both viscous and elastic behaviors in the
outflow system connective tissues, especially the TM.

While the elastic (spring) connective tissue of the TM stores energy as it is being deformed
by aqueous outflow, its viscous component (dashpot) dissipates energy. It is plausible to
speculate that the mechanical response of the TM is load rate dependent, which could lead to
dynamic flow resistance changes and fluctuations in conventional aqueous outflow. The TM
lamellae experience a large portion of the OCT-measured motion capable of driving pulsatile
aqueous outflow. Pulsatile flow reduces in humans with glaucoma. Mechanical properties of
the TM lamellae are thus of great significance to the understanding of 10P control [20].

Trabecular meshwork finite element simulations used tetrahedral element type [45], while
these elements are mathematically “stiffer’ due to their reduced degrees-of-freedom [58].
Prior trabecular meshwork finite element simulation studies considered the cornea and sclera
as the boundary components of the TM [44, 45]; however, the mechanical properties of

the cornea and sclera are eye-specific, which was not considered. We recently developed a
floating displacement boundary condition approach [59]. The approach allows us to apply
dynamic nodal displacement at the interface between the TM to the sclera and cornea over
time. The nodal displacement is derived from continuously acquired SD-OCT images, and
accounts for their biomechanical effects on the TM. Prior studies also modeled the walls

of SC lumen as being exposed to a simple linear pressure profile [44, 45]. However, the
pressure profile in the walls of SC lumen can be both position- and time-dependent. The
additional parameters are due to unequal flow through irregularly spaced collector channels,
and a dynamically fluctuating TM and SC configuration related to pressure-dependent
aqueous flow oscillations and transients.

Calculating the mechanical properties of the TM with embedded collagen and elastin fibers
is a challenging task that cannot be achieved with currently available imaging techniques.
Assessment of these biomechanical properties in relation to dynamic outflow system
mechanics can advance our understanding of IOP control mechanisms and the abnormalities
in glaucoma [37].The improved understanding can provide new targets for diagnostic

and therapeutic approaches to ocular hypertension and glaucoma [53]. In this study, we
evaluated the viscoelastic mechanical properties of the TM in healthy and glaucoma eyes
using FE-optimization of TM dynamic motion from SD-OCT imaging data. The optimized
viscoelastic mechanical properties and resultant stresses in the ECM and collagen and
elastin fibers are reported for normal and glaucoma eyes.
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2. Materials and Methods

2.1. Human Donor Eyes and Organ Culture Prep

The » = 2 healthy and » = 2 glaucoma human eyes (age: 74 to 88 years) were obtained
within 72 hours postmortem from the Oregon VisionGift eye bank (Portland, Oregon),
and anterior segments were perfused under organ culture conditions [60]. Eye tissue
procurement followed the principles of the Declaration of Helsinki.

The eye was removed from the anterior organ culture chamber and a quadrant of the anterior
segment was dissected, placed interior up, and the SC cannulated as shown in Fig. 1 and
fully described in our previous publication [44]. Briefly, a quadrant of the anterior segment
including the cornea, limbal region with TM, SC, and ~5 mm of sclera was mounted in

a petri dish with pins, with the inner TM surface facing upward. The entire quadrant was
submerged in a saline bath. (Fig. 1) [44, 61]. This saline bath also helped to eliminate
surface motion artifacts when dynamic TM motion occurred [44]. A cannula connected

to a moveable height reservoir filled with saline was inserted into SC with the help of a
dissecting microscope and a micromanipulator, while the other end remained open. The

tip of the cannula made a tight contact with the interior walls of the SC lumen, and was
connected to a saline reservoir such that SC lumen pressure was controlled by changing the
height of the reservoir in an oscillating fashion to mimic either steady-state or transient IOP
fluctuations (Fig. 1).

To capture high-resolution dynamic movement of TM/JCT/SC complex, the SD-OCT
imaging probe was adjusted to face the TM (Fig. 1). A series of cross-sectional scans
through the TM/JCT/SC complex were captured at multiple locations for SC reservoir
pressures varying from 0 to 30 mmHg. The OCT system used in this study was capable of
an imaging speed of 92 kHz with imaging done through air without contact to the sample.
The central wavelength of the SD-OCT system was 1310 nm, and the spatial resolution in
each scan was 5.0 and 5.75 pm in the axial and lateral dimensions, respectively. At this
setting, a system sensitivity (dynamic range) of 105 dB was measured when the light power
on the sample was 5 mW [44]. The spacing between two adjacent B-scans was ~10 pm.
Two-dimensional structural scanning electron microscopy (SEM) and a comparable OCT
of the SC perfused at the pressures of 0 mmHg and 30 mmHg from the limbal region

are shown in Fig. 2. Structures included are the ciliary muscle (CM), TM, SC, collector
channels, septa at collector channels ostia, and cylindrical attachments between SC walls
(CAS) connecting the TM to the septa.

2.2. Trabecular Meshwork Delineation and Finite Element Volume Meshing

The SD-OCT with 30 B-scans/second provided a set of dynamic images of the TM/JCT/SC
complex as the pressure in the SC lumen cannula increases from 0 to 30 mmHg. The

first step of the segmentation was to convert an SD-OCT video to a stack of images
through a custom Matlab (Mathworks, Natick, Massachusetts, US) program. Thereafter,
using our recently developed and updated semi-automatic delineation program [59] under
the supervision of an expert glaucoma specialist (MJ), the boundaries of the TM/JCT/SC
complex were delineated as shown in Fig. 3a. The Matlab program also provides the nodal
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coordinates of the TM/JCT/SC complex boundaries, so they could be used to define the
floating displacement boundary condition of the FE model.

Since the upper and lower boundaries of the TM/JCT/SC complex were noisy in the images
and hence form sharp vertices in the FE mesh, the boundaries were smoothed using a
smoothing spline algorithm as follows [62]:

2 2
pz wil(y, — s(x,))2 +( - p)/(%) dx @)

where the smoothing spline s is constructed for the specified smoothing parameter p and

the specified weights w,. The smoothing spline minimized Eq. (1). In the above equation,

0 < p < 1, where p equals to zero generates a least-square straight-line fit, while p equals

to one generates a cubic spline interpolation. Since we wanted to both preserve the shape

of the upper and lower boundaries and have the best smoothing fit for them, the specified
smoothing parameter of 0.999 was used. The first 2D SD-OCT image was delineated as
described above, extruded to 20-um thickness, and volume meshed using our image-to-mesh
program [63] as illustrated in Fig. 3b.

2.3. Collagen and Elastin Fiber Distribution, Material Model, and Mesh-Free Penalty-
Based Cable-in-Solid Coupling Algorithm

Our team recently developed a mesh-free penalty-based cable-in-solid coupling algorithm,
which allows us to simulate the anisotropic mechanical behavior of collagenous ocular
tissues [64]. The same approach was employed herein to embed the collagen and elastin
fibers into the FE models of the ECM of the healthy and glaucomatous TM/JCT/SC
complex. Briefly, the surface mesh of the TM/JCT/SC complex was imported to a custom
Matlab program to distribute the control points throughout the FE model. The distance
between the control points was set to 5 um and 7 um for the collagen and elastin fibers,
respectively, which are restricted by the 20-um thickness of the TM/JCT/SC complex model.
To separate the external and internal regions in the TM/JCT/SC complex FE models, a line
was drawn between the sclera spur and Schwalbe’s line through a custom Matlab code for
both the healthy and glaucoma eyes.

The collagen and elastin fibers were distributed to form an asymmetric fan-shaped
configuration parallel to the external and internal edges of the TM [20, 30, 33, 61, 65—

69] using a custom Matlab program. The collagen and elastin fibers in the TM/JCT/SC
complex were modeled by elastic cable elements and the surrounding ground substance
matrix was modelled as a viscoelastic material using 8-noded hexahedral solid elements with
an r-adaptive remeshing function based on the Galerkin element free formulation [70]. The
coupling algorithm transfers the load from the collagen and elastin fibers to the ECM of

the TM/JCT/SC complex and vice-versa [71] via strong coupling under both the static and
dynamic loadings.

The force that is generated in the collagen and elastin fibers of the TM/JCT/SC complex
under SC pressurization will be nonzero when the cables/fibers are in tension. When the TM
lamellae experience large excursions in response to pressure elevation in the walls of the
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SC lumen, the fibers experience increasing tension. The induced forces in the collagen and
elastin fibers can be calculated as [72]:

F = max (F,+ KAL,0) ?)
where AL is the change in the length of a cable element.
AL = current length — (initial length — of fset) 3)
and the stiffness (E > 0 only) is presented as:

K = E X area 5
= (initial length — of fset) @

A constant force element can be achieved through:

Fy>0and K =0 (5)

Elastin and collagen form unit fibrils of 0.1-0.2 pm [68, 73] and 0.02—0.5 pum [74] thickness,
respectively. In this study, we assumed the elastin and collagen fibrils have the diameter of
0.2 um and 0.5 pum, respectively, and a bundle of 10 collagen (5 um in diameter) and elastin
(2 pm in diameter) fibrils form a bundle of collagen and elastin fibrils for the purposes of
representing the collagen and elastin in the model. Collagen and elastin fibrils have elastic
moduli of ~100 MPa [75-78] and 1 MPa [79, 80], respectively; since 10 fibers were bundled
together in the model, the elastic moduli of 1,000 MPa and 10 MPa were chosen for the
cable elements representing collagen and elastin, respectively. The ECM of the TM FE
model was embedded with cable elements representing the directional stiffness imparted

by collagen and elastin, with parameter ranges set such that they encompass the range

of behavior seen in experimental tensile tests of TM specimens [81, 82]. With that being
said, the cable elements were embedded into the ECM of the FE model to represent the
“collagen” and “elastin” fibrils, so it is worth mentioning that the cable elements cannot be
interpreted as collagen and elastin fibrils in the model, while they just were used to provide
directional stiffness for the tissue.

The aqueous outflow pump model encompasses prestress from the ciliary muscle tension
that induces pre-tension in the TM collagen and elastin fibers [20]. IOP provides a loading
force on the TM, forcing it outward, favoring distention into SC. The ciliary muscle
contractile force continuously counterbalances this TM distention, providing the prestress
required for the ciliary muscle involvement in pump-conduit regulation of 10P [20]. To
incorporate this concept into the models, the tensile force (~500 uN) in the fibers as well
as the ECM was generated first through two-steps of pressurization immediately before SC
lumen pressure elevation. Since the magnitude of the resultant stress in the TM and the
resultant forces in the collagen and elastin fibrils are unknown, the model generated a small
tensile force (~1500 uN) in the fibrils, and in turn, in the ECM of the TM/JCT/SC complex
[20, 83]. To simulate the force, a custom subroutine was written to pre-tension the cable
elements. An advantage of this approach is that it prevents sudden application of forces in
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the cable element at time zero. Without such a pre-tension, an excessively dynamic response
may occur at the start of the simulation [64].

The ECM of the TM/JCT/SC complex was simulated as a viscoelastic material model, with
mechanical behavior assigned through a Prony series [84-87]. A viscoelastic material model
has both viscous and elastic properties [88]. The behavior of a viscoelastic material can be
defined via a shear relaxation modulus as follows:

G() = G.+ (G, — G.)e™ (6)

where G, and G., are the short-term and long-time shear moduli, respectively, and g is the
decay constant.

A Jaumann rate formulation is also used as follows:
o, =2 / G(t - 7)D)(2)dr ©
0

where the prime denotes the deviatoric portion of the stress rate, o, and the strain rate, D;;.

2.4. Trabecular Meshwork Specimen Finite Element Model — Viscoelastic Material
Properties Calculations

While there is a wide range of human TM elastic moduli reported in the literature

(0.004 to 51.5 MPa [40]), we are not aware of any studies that have reported the
viscoelastic mechanical properties of the TM. Hence, these properties were estimated
before modeling the TM/JCT/SC complex. First, an FE model of an experimental TM
specimen was constructed, subjected to a tensile displacement, and the resultant stresses
were compared to published experimental data on the healthy [81] and glaucoma [82]
human TM tested in tension. The FE model of the TM specimen of 10 mm length x 0.24
mm width x 0.136 mm thickness matches the specimen dimensions in the experimental
study [81, 82] as shown in Fig. 4a. Cable elements representing the anisotropic collagen
and elastin fibrils were incorporated into the TM specimen FE model as described

in section 2-3 and coupled to the ECM using mesh-free penalty-based cable-in-solid
algorithm [64]. Thereafter, the TM specimen FE model was subjected to a uniaxial
tensile strain, where the displacement boundary condition (2% strain) was applied to the
FE model to mimic the uniaxial mechanical testing protocol [81, 82]. The Fminsearch-
Unconstrained nonlinear minimization optimization algorithm was coupled with the LS-
DYNA solver (Ansys/LS-DYNA, PA, US) to calculate the viscoelastic parameters for
the TM specimen ECM, as well as the elastic moduli of the collagen and elastin fibrils
[59, 89]. Fminsearch finds the minimum of a scalar function of several parameters,
starting at an initial estimation, which were chosen as G, (short-time shear modulus)=7.30
MPa, G,, (long-time shear modulus)=6.20 MPa, and g (decay constant)=500 1/s for both
healthy and glaucoma TM specimens [90]. The upper and lower parameter boundaries
were chosen as 0.10 < G, < 100 - MPa, 0.10 < G,, < 100 - MPa, and 1 < B < 1000 1/s. Wide
parameter ranges based on the scleral mechanical properties [90] were chosen to allow
the FE-optimization algorithm to work within an unconstrained parameter space to ensure
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unbiased random selection for the material parameters. The initial guess was set to

Ecotlagen (€lastic modulus) = 1000 MPa [75-78] and Ex,..., = 10 MPa [79, 80] for the collagen
and elastin fibrils, with the upper and lower boundaries of 10 < - Ecygen < 10,000 - MPa and
1 < - Eguun < 1000 - MPa. The bulk modulus (x) was chosen as 2,700 MPa for both the
healthy and glaucoma TM specimen FE models [91]. The model was run in Matlab with
the cost function of mean squared error [92] that is the sum of the squared differences
between the experimental data [81, 82] and optimization value. The resultant stress-strain in
the gauge at the center of the TM specimen FE model (Fig. 4a) was calculated and plotted
versus the experimental data [81, 82] as displayed in Figs. 4b. The optimized viscoelastic
ECM properties and the elastic moduli of the collagen and elastin fibrils in the healthy and
glaucoma TM patch FE models are listed in Table 1.

FE simulations of viscoelastic materials and/or time varying loading conditions can be done
at various time scales (simulation times) and step times. Although timing would not be a
primary concern for a non-viscous material model, it would have a considerable influence in
time-dependent viscoelastic material models. Herein, the pressure in the SC lumen elevates
from 0 to its maximum value within ~1-2 seconds, but such a long timescale cannot be run
efficiently as a dynamic FE simulation. As a result, we scaled the simulation time down

to a range that allows for reasonable computational times, while limiting the error in TM
mechanical properties to <6.5%. Herein, a set of FE simulations were performed using the
same TM specimen FE model (Fig. 4a) with optimized material parameters extracted from
FE-optimization simulations as described above (Table 1). The TM specimen FE model was
subjected to the same loading and boundary conditions, but different simulation times to
calculate the simulation time that results in minimizing the dependency of the volumetric
average von Mises stresses on the shear relaxation moduli of the tissue (Table 2). Time
dependency was minimized for simulations >10ms, so all the healthy and glaucoma FE
models were simulated in 10 ms; SD-OCT imaging B-scan timing was also scaled to 10 ms,
representing the 0 to 30 mmHg pressure ramp at the SC cannula.

2.5. Dynamic FE Optimization Algorithm, Pressure Boundary, and Floating Boundary

Conditions

In the experimental prep of the wedge of TM/SC, a cannula was inserted into one end

of the SC lumen and pressurized from 0 to 30 mmHg, while the other end of the SC
remained open. The flow in the SC lumen can be drained through the collector channels

or from the distal end of SC circumference. Although the objective in the experiments

is to elevate the pressure in the walls of the SC lumen from 0 to 30 mmHg, the actual

SC lumen pressure would be lower, dependent on distance from the cannula, any pressure
losses from collector channels, drainage from SC’s distal end and the time-dependent input
cannula pressure [89]. A fully coupled FE optimization algorithm [59, 89] was employed

to optimize the unknown pressure profile in the SC lumen. The position- and time-
dependent pressure profile was the optimization parameter, while the distance between the
corresponding nodes in the FE model and in the SD-OCT images at the SC lumen where the
pressure is applied was the cost function. Fminsearch-Unconstrained nonlinear minimization
[59, 89] with the initial guess of P, =15, P, =15 P,=15, P,=15, P,=15mmHgand

o = 5 with the upper and lower bounds of 0 < P, <30, 0 < P, <30, 0 < P, <30, 0 < P, < 30,
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0 < P, <30,and 1 < ¢ < 10 were set for the pressure profile. The initial guesses for

the ECM viscoelastic properties and fibrils stiffness were defined as listed in Table

1 for the healthy and glaucoma TM/JCT/SC complex, with upper and lower bounds

0f 0.10 < G, < 100 MPa, 0.10 < G,, < 75 MPa, 1 < < 10001/s, 10 < E,ggen < 30000 MPa, and

1 < Bgjaein < 1000 MPa. The TM/JCT/SC complex FE model was run in Matlab using the LS-
DYNA solver. A 4t-order polynomial function was used to describe the position-dependent
pressure profile and a two-variable (Mean+SD) normal distribution function was used for the
time-dependent pressure profile as shown in Figs. 5a, and defined as follows:

— —2 —3 —4
P(xsy’z):P()+Pld +P2d +P3d +P4d (8)
2

1 (t—u)
P(t) = ——=e" ©)
(1) O'\/ﬂe 262

where P,, P,, P,, P;, and P, are the pressure parameters, d is the vector of the distance that
denotes the normal distance between the center of each element and a surface node on the
TM/JCT/SC complex FE model in Eqg. (8), and x and & are mean and standard deviation

in Eq. (9), respectively. The final optimized position and time-dependent pressure profile is
defined as follows:

P(x,y,z,t)= P(x,y,z).P(t) (10)

The cost function was defined as:

n
CostFunction = z (min([|p* = pT1I)) 1)
i=1

where p™ is the position vector corresponding to the i node of the TM/JCT/SC complex

nodes in the SC lumen, p” is the position matrix of all TM/JCT/SC complex nodes and »
is the number of TM/JCT/SC complex nodes. The converged pressure parameters for the
healthy and glaucoma eyes were 27+3 (Mean+SD), 29+3, 16+3, 8+2, 2+1, and 4+0.50 for
the P, P,, P,, P;, P, and o, respectively.

The next step was to define the boundary conditions at three free edges of the FE model
(Fig. 5b). We recently developed a floating displacement boundary condition approach [59]
that allows us to account for the stresses and strains of the tissues in the vicinity of the

TM, namely the sclera and cornea, through selective 2D segmentation of SD-OCT imaging
data of the TM/JCT/SC complex. The dynamic motion in the outer wall (nodes) of the
TM/JCT/SC complex was extracted through a custom Matlab program. The dynamic motion
(displacement as a function of time) was quantified and used to define the floating boundary
condition [59]. A flow chart summarizing the model generation and optimization process is
shown in Fig. 6.
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A computer with a 10-core Intel® Xeon® CPU W-2155@3.30 GHz and 256GB RAM was
used to run the simulations in explicit-dynamic LS-DYNA using dynamic SC pressurization
time-compressed to 10 ms, with the time step of 0.1 ms (100 time steps).

2.5.1. Fminsearch-Unconstrained Nonlinear Minimization — Parameter
Uniqueness—Fminsearch-Unconstrained nonlinear minimization finds the minimum of
an unconstrained multivariable function using the derivative-free method [93]. Fminsearch
is a multivariate curve resolution (MCR) approach, in which uncertainty in the parameters
may result in non-uniqueness of the results [94]. Although the problem of non-uniqueness
is ubiquitous to all MCR methods, it can be alleviated or avoided in some cases by using
the data structure intelligently and imposing appropriate parameter constraints [95, 96].

In this case, we constrained all parameters within bounds that were consistent with other
published studies, and did not allow solutions sets that would be obviously non-physiologic.
In addition, one of the most effective strategies to check the reliability or uniqueness of

the results is to perturb the system, for instance, through selecting various initial guesses
[93, 95]. To do that, typical healthy and glaucoma TM FE models were subjected to eight
different sets of initial guesses, defined as 10%, 20%, 30%, and 40% greater and lesser than
the optimized pressure and material parameters (Table 3). In all cases, optimization resulted
in the same parameters (less than ~4.5% difference) reported in the Results below.

Importance of Viscoelasticity

There could be an argument that the existence of dynamic TM motion as the pressure is
being changed does not, by itself, indicate that viscoelastic effects are present. Although

all soft tissues are viscoelastic to some extent [46-52], but the question is how significant
this effect is when it comes to the TM. To address this concern, TM/JCT/SC complex FE
model of donor 118-healthy was subjected to the same loading and boundary conditions

as explained in the above sections with the cable elements removed from the ECM. Two
material models, including elastic and viscoelastic, were assigned to the FE model along
with the pressure profile parameters to run an independent FE-optimization. There is a wide
range of human TM elastic moduli reported in the literature: 0.004 MPa using atomic force
microscopy [36], 0.128 MPa using an /7 vivo beam bending model [97], and 51.5 MPa using
uniaxial tensile tests [81], however, the stiffness of 0.004 MPa seems to be the most reliable
stiffness in the literature. Therefore, this stiffness was used for the TM/JCT/SC complex

FE model as an initial guess with the upper and lower boundaries of 0.0001 and 1 MPa,
respectively. The TM/JCT/SC FE model was assumed to be nearly incompressible with

the Poisson’s ratio of v=0.495. For the viscoelastic model, the same mechanical properties
parameters as explained in the above section were used. The same optimization algorithm
was employed with the distance between the corresponding nodes in the FE model and in
the SD-OCT images at the SC lumen where the pressure is applied as the cost function. The
results in terms of the agreement of the mechanical response of the TM with respect to the
experimental SD-OCT data were presented.

2.7. Statistical Analysis

Data from the simulation of four eye-specific FE models were determined to be normally
distributed. The statistical significance of the difference between sample means was
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evaluated using a randomized one-way analysis of variance (ANOVA). When indicated by
a significant Fstatistic after a one-way ANOVA, post hoc comparisons with the Scheffe
method [98] were used to determine the individual levels of significant differences among
the material parameters for the ECM and collagen and elastin fibers, as well as the resultant
stresses in the fibrils. The criterion chosen to discard the null hypothesis was p<0.05.

3. Results

The shape of the SC wall that resulted in the best possible match between the experimental
SD-OCT data and the TM/JCT/SC complex FE model is shown in Fig. 7 for the healthy

eye with the elastic and viscoelastic material models. The shape of the SC wall that resulted
in the best possible match between the experimental SD-OCT data and the TM/JCT/SC
complex FE model is shown in Fig. 8 for the healthy and glaucoma eyes. The model
considers the optimal mechanical properties of the ECM with embedded collagen and elastin
fibrils. The SD-OCT imaging data and FE model of the TM/JCT/SC complex exposed to an
SC cannula pressure of 0, 15, and 30 mmHg for one TM/JCT/SC complex cross-section in a
representative healthy and glaucoma eye are shown in Fig. 9.

The optimized material parameters for the TM/JCT/SC complex in the healthy and
glaucoma eyes at two different cross-sections are listed in Table 3. In terms of parameter
uniqueness, the Fminsearch-Unconstrained nonlinear minimization algorithm yielded the
same pressure and material parameters (0=0.999) even when initial guesses were very
different (see Methods). Similarity of pressure and material parameters despite large initial
guess differences lends confidence in the algorithm’s ability to yield unique results within
the allowed bounds of the fitted parameters.

Results revealed significantly higher short-time (Gg) and long-time (Goo) shear moduli in the
ECM of the glaucoma eyes compared to healthy controls (p=0.0032, Table 3). In addition,
the resultant elastic moduli of the collagen and elastin fibrils in the TM/JCT/SC complex

of the glaucoma eyes were significantly stiffer compared to the healthy eyes (p=1e-6 for
collagen and p=0.001 for elastin, Table 3). The short-time (Gg) and long-time (Geo) Shear
moduli of the ECM, as well as the elastic moduli of the collagen and elastin fibrils, were not
significantly different in the same eye at different cross-sections (p=0.999, Table 3). The two
cross-sections modeled and imaged from the same eye were spaced 10 um apart [44], but
were modeled and optimized independently, so similar results imply that the optimization
procedures were robust to non-unique local minima (Section 2.5.1). The FE models captured
the complex mechanical behavior of the TM/JCT/SC complex throughout the course of
pressure elevation in the walls of the SC lumen for both the healthy and glaucoma eyes (Fig.
9).

The TM/JCT/SC complex was divided into two different regions: the external region
(proximal to the SC) and the internal region (proximal to the anterior chamber) that were
defined in both the SD-OCT imaging data and the FE model as shown in Figs. 10a-b. The
resultant volumetric average stresses in these two regions were calculated in the ECM (Figs.
10c) with embedded collagen and elastin (Figs. 10d—e) fibrils in the healthy and glaucoma
eyes. Results showed significantly higher stresses in the ECM, collagen and elastin fibrils of
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the TM/JCT/SC complex in the glaucoma eyes compared to the healthy eyes (0<0.05). The
resultant stresses were higher in the internal region where the tissues are more proximal to
the anterior chamber.

4. Discussion

In this study, we calculated the viscoelastic mechanical properties of the TM/JCT/SC
complex in two healthy and two glaucomatous cadaveric human eyes, including the
embedded collagen and elastin fibrils. The optimization results in terms of the comparison
between the elastic and viscoelastic material models resulted in the TM/JCT/SC elastic
modulus of 0.148 MPa, which is 15% higher than that of reported by Johnson and
colleagues (0.128 MPa) [97]. While Johnson and colleagues performed an /n vivo
mechanical characterization in living human eyes, we used ex vivo SD-OCT imaging data,
which could be the cause of higher stiffness in the TM. Regarding the viscoelastic model,
the initial- and long-term shear moduli of 7.08 and 1.54 MPa, respectively, were calculated
with the decay constant of 995. The results revealed that the elastic material model cannot
capture the dynamic mechanical response of the TM under SC pressure elevation, while
both of the elastic and viscoelastic FE models were simulated under the same loading

and boundary conditions (Fig. 7). While the viscoelastic material model could result in
better match with the SD-OCT imaging data, it is worth mentioning that the SC pressure
elevation was non-physiologic, which may affect the results. However, in general, under
the exactly same loading and boundary conditions the elastic material was not able to
capture the mechanical response of the TM tissue, implying the importance of considering
viscoelasticity of the TM when it comes to accuracy in mechanical characterizations and
simulations of the conventional aqueous outflow pathway. In addition, it should be noted
that herein the pressure in the SC was elevated to ~30 mmHg with changing the height

of the reservoirs. However, in living human eyes 10P fluctuates so there is an active
dynamic mechanical environment in the conventional aqueous outflow pathway, so the TM
understands the history of the applied load and its deformation will be affected in respect to
the history of the applied load. While elastic material response is independent to the history
of the load, viscoelastic material models understand it.

The optimal pressure and material parameters resulted in good agreement between the
TM/JCT/SC complex FE models and the SD-OCT images (Fig. 8). It has been well
documented that a stiffer TM can disrupt the normal pulsatile flow in the outflow

system [18, 53, 99-102], so characterizing the time-dependent mechanical behavior of the
TM/JCT/SC complex could significantly contribute to our understanding of how dynamic
motion of the outflow pathway tissues are involved in aqueous outflow and 10P regulation
[20].

The main challenge of modeling the quadrant of an anterior segment cannulation was the
resultant pressure in the walls of the SC lumen, because the cannula in the experiments
was only inserted in one end of the SC and the other end was left open. Therefore, the
pressure in the SC lumen is both position- and time-dependent (Fig. 5). The FE-optimization
algorithm (Fig. 6) was used to find the optimal pressures and materials parameters with
the cost function of the least sum of the squared differences compared to the experimental
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SD-OCT imaging data (Fig. 8). The advantage of calculating an accurate time-dependent
pressure profile applied to the walls of the SC lumen is that the pulsatile pressure in the

SC can be used in future studies to calculate the flow in the SC lumen. Schlemm’s canal
flow exposes the endothelial cells of the walls of SC to the rapidly moving fluid wave and
induces shear stress in endothelial cells [17, 34]. Pulsatile outflow increases as IOP increases
in normal eyes while pulsatile outflow slows or stops in glaucoma patients [101, 103], so the
resultant shear stresses in the endothelial cells of the SC wall are very much dependent on
the time-dependent pressure in the SC lumen.

The collagen and elastin fibrils in the TM lamellae primarily determine how far the tissues
can distend into SC in response to a pressure elevation and how the tissues recover when the
pressure in the SC returns to zero [104]. To date, the role of the collagen and elastin fibrils
in the ECM of the TM/JCT/SC complex has been ignored. Our results revealed significantly
higher time-dependent shear moduli in the ECM of the glaucoma eyes compared to the
healthy eyes (p<0.01, Table 3), which is in agreement with recent findings on the TM
stiffness in glaucoma eyes [17, 34-42, 44]. The short-time shear modulus reflects the

near instantaneous stiffness of the tissue, while the long-time shear modulus captures the
mechanical response of the TM over longer timescales (Table 3). The healthy and glaucoma
eyes exhibited collagen elastic moduli of 2814+47 MPa and 5123+114 MPa (MeanxSD) and
elastin fibril elastic moduli of 62.5+19.6 MPa and 170+13.5 MPa, respectively (Table 3).
Collagen stiffness in the outflow pathway has been shown to play an important role in IOP
elevation [105, 106].

The ECM, collagen and elastin fibrils experienced higher stresses in the internal region
of the TM/JCT/SC complex, where they are more proximal to the anterior chamber (Fig.
10). This is presumably because the internal region of the TM experiences more radial
expansion/strain during the SC lumen pressurization, so higher stresses can be expected
there. The resultant stresses in the ECM, collagen and elastin fibrils were higher in the
glaucoma eyes. Collagen and elastin fibrils in the TM are highly aligned perpendicular to
the loading direction [107]; such tissue properties explain reversible deformation due to
pressure-dependent tissue loading [61, 108, 109].

In general, collagenous components contribute to structural support under tension, while
elastin ensures a recoverable response over a wide range of excursions [110]. Our results
also revealed a significantly higher decay constant in the healthy TM/JCT/SC complex
compared to glaucoma eyes (p<0.01, Table 3). The decay constant is defined as the viscosity
of a linear dashpot divided by the stiffhess of a linear spring in parallel [111]. The dashpot
dissipates the energy while the spring part of the tissue tries to hold back the tissue to its
initial structure. Glaucomatous TM exhibited a larger stiffness for the linear spring (Table
3), along with a smaller decay constant, while the healthy TM showed a smaller stiffness
for the linear spring, and a larger decay constant. Hence, greater TM motion was observed
in healthy eyes compared to glaucoma eyes [23, 53, 54]. Therefore, a glaucomatous TM
loses its viscous effect by showing a higher stiffness under while the load is applied on
the tissue. However, the healthy tissue undergoes higher deformation with showing higher
viscous effect under an applied load.
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The ECM of the TM is where the collagen and elastin fibrils achieve mechanical
homeostasis [112, 113]. The load distributes among the fibers in a way that the elastin fibers
sustain the major stresses at low strain level and reflect a linear deformation. Collagen fibers
are recruited at large extension of the tissue and are responsible for the nonlinear behavior
[114-118]. The ECM of the glaucomatous TM loses its resiliency and becomes stiffer [119],
implying that the collagen fibrils in the glaucoma eyes are stiffer than in healthy eyes [40,
120] and that elastin fibers play a reduced role in glaucoma eyes.

Whether through aging with elastin fragmentation and replacement by collagen, or by the
insult of chronic exposure to ocular hypertension, the TM becomes stiffer or fibrotic in
glaucoma eyes [40, 120, 121]. When the TM goes through large deformations resulting
from 10P elevation, more collagen is produced, which decreases the elastin:collagen ratio
and stiffens the TM [122-124]. Our results revealed 1.82 and 2.72-fold stiffer collagen and
elastin fibrils elastic moduli in the glaucoma eyes compared to the healthy control ones
(Table 3), which can be interpreted as additional collagen in the TM ECM in glaucoma eyes
[125].

Our results also revealed the same stress pattern in the ECM of the healthy and glaucoma
eyes, but different maximum values. In Fig. 10Db, it is evident that the collagen fibrils in

the glaucoma eyes played a larger role in TM stress at lower SC lumen pressures when
compared to normal eyes. Results also revealed that the TM in glaucoma eyes reaches a
stiffer long-term equilibrium mechanical response compared to a healthy TM, also implying
the increased role of collagen fibers in the glaucomatous TM ECM (Table 3). This is in
good agreement with results in rats in which ocular hypertension caused collagen type |
augmentation [126]. Excessive collagen type 1V [36] and type VI [127] have also been
reported in the glaucomatous TM.

The results reported herein provide additional clarity on the mechanical property differences
in healthy and glaucomatous outflow pathway under dynamic loading. These methods and
results can be leveraged in future studies of aqueous outflow dynamics and outflow pathway
biomechanics.

4.1. Limitations

This study is limited by the following considerations. First, the experimental setup is

not physiologic, in that SC pressure was increased in a wedge of tissue immersed in
chamber at ambient pressure. Normally, TM deformation would be primarily imparted by
fluctuations in 10P, so this is the reverse of the /n vivo condition. It has been shown that

the physiological pressure in the SC lumen is within 5.59-10.51 mmHg [128, 129]. In our
experiments, the SC lumen was pressurized to 30 mmHg. That said, the approach used
herein does allow for relatively high-resolution imaging of large TM/JCT/SC deformations.
The large deformations permit calculation of a range of mechanical properties that would be
difficult if not impossible to measure using physiologic loadings that result in much smaller
deformations.

Although the organ culture prep and the high-resolution SD-OCT imaging system are the
only currently available setup for SC lumen pressurization and dynamic imaging, the image
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resolution is still not ideal for truly accurate boundary recognition. However, dynamic
imaging of a soft biological tissue is very challenging and SD-OCT is one of the best
imaging approaches for the task. Also, a quadrant of an anterior segment of cadaveric eye
was tested within 72 hours postmortem, which may affect the TM’s mechanical response.
However, it has been shown that when using the organ culture media under conditions of
these experiments, there is an insignificant change in postmortem tissue behavior [82]. Every
effort was made to keep the eyes fresh before the experiments and perfuse them to reduce
tissue degradation.

Second, the unknown position- and time-dependent SC lumen pressure profile was
approximated and applied to the walls of the SC lumen in the scaled timing range of 10 ms.
Our FE simulations of a TM tensile test matched that of previously published experimental
data, and showed that the error in the resultant stresses is less than ~ 6.5% when using a
compressed timescale. The true SC lumen pressure is both time- and position-dependent
because of non-uniform SC morphology through the wedge specimen, irregularly spaced
pressure reducing collector channels, flow from SC at the distal end of the wedge, and the
oscillating nature of the input cannula pressure. We optimized the specimen-specific SC
pressure profile as a function of time, as well as the pressure along the SC wall boundary of
each FE model, such that the material parameters best fit the experimental OCT image data.

Third, we cannot be certain that the optimized pressure and material parameters are unique
for our non-convex cost function, and there are no validated gold standard measurements
of the material properties of the TM/JCT/SC complex that we can use as a reference for
comparative analyses. However, we performed a series of perturbations of the optimization
process that give us confidence in the parameters reported in Table 3.

Fourth, the length, diameter, stiffness, and distribution of the collagen and elastin fibrils
were assumed to be uniform throughout the entire TM. It has been shown that the fibers
closer to the anterior chamber are considerably thicker than those closer to the SC [65].
However, there is a lack of quantitative data on the accurate fibril diameter in these regions,
and we will incorporate locally dependent fibril morphological characteristics in future
studies. Also, the collagen and elastin fibrils were simulated as elastic materials while it has
been shown that the mechanical properties of those fibers are time-dependent [130, 131]. We
will improve our method in future studies by including viscoelastic fibrils in a viscoe /astic
ECM.

Fifth, one may argue that the data reported by Camras et al., [81, 82] are not the same as
some other methods. Herein, these data were only used to train the trabecular meshwork
finite element model. Thereafter, the calculated data was used as initial input for a second
FE-optimization algorithm that optimized the viscoelastic material properties of the TM
tissue according to the SD-OCT imaging data. Therefore, although the initial steps of the
optimization algorithm may be affect by the initial guess, the algorithm optimized the tissue
properties based on the TM motion data; so, there is a little chance the initial starting

point would affect the resultant optimized material properties. Further, a wide range of
initial guesses were used for the optimization purposes to ensure us the resultant material
properties are independent from the input data.
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Finally, we only used two samples from each of two healthy and two glaucoma eyes for

the study, which is not likely to be representative of the range of glaucoma present in

the population. While we did find statistically significant differences in our results, future
studies will benefit from more samples to better estimate the eye-specific TM mechanical
response considering the age, race, gender, and disease severity of the human donors.

In addition, patients with glaucoma were likely under treatment with pressure-lowering
medications, which affect both 10P and TM/JCT/SC biomechanics. In addition, we only
studied samples from the temporal quadrant, and future study will be necessary to determine
the mechanical properties around the entire circumference of the outflow pathway.

In conclusion, we propose and implement a new biomechanical modeling approach to
calculate the time-dependent viscoelastic mechanical properties of the healthy and glaucoma
TM/JCT/SC complex ECM in humans. Results revealed a significantly (p<0.05) greater
time-dependent shear moduli in the ECM of the glaucoma eyes compared to the normal
controls. Collagen and elastin fibrils in the glaucoma eyes also exhibited significantly stiffer
mechanical response compared to the healthy eyes. The resultant stresses in the ECM,
collagen and elastin fibrils in the internal region of the TM/JCT/SC complex were higher
compared to the external region. Characterizing the viscoelastic mechanical properties of the
outflow pathway in healthy and glaucoma eyes may provide fresh perspectives and reveal
new realms of exploration pertinent to our shared quest to understand, diagnose, and treat
ocular hypertension and glaucoma.
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ocT Reservoir 2

Reservoir 1

Fig. 1.
(a) Schematic overview of experimental setup, including the spectral domain optical

coherence tomography (SD-OCT) system, two reservoirs used for controlling pressure in
Schlemm?’s canal (SC). Continuous acquisition SD-OCT B-scan images were acquired
through the trabecular meshwork (TM), juxtacanalicular tissues (JCT) and SC at 30

Hz, resulting in a very high resolution images from which TM/JCT/SC motion can be
determined in real time [132]. (b) A quadrant of the eye pinned in a petri dish and the
structure of the cannula immediate before cannulation.
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(b) OCT - 0 mmHg (c) OCT - 30 mmHg

Fig. 2.
(a) Two-dimensional structural OCT and scanning electron microscopy (SEM) images from

the limbal region of a human eye, including ciliary muscle (CM), trabecular meshwork
(TM), Schlemm’s canal (SC), collector channel (CC), septa at the collector channel ostia,
and cylindrical attachments between SC walls (CAS) septum and the trabecular meshwork.
SD-OCT images captured with the cannula perfusing the SC at pressures of (b) 0 mmHg and
(c) 30 mmHg.
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a) OCT - TM Boundary Segmentation (b) Construction of TM Finite Element Model

Fig. 3.
(a) The TM boundary was semi-automatically segmented in each SD-OCT B-scan using a

custom Matlab program, as SC cannula pressure was increased from 0 to 30 mmHg. (b)
Resulting FE volume mesh of the TM/JCT/SC complex, created by extruding the segmented
boundary seen in (a) by 20 um.
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(a) TM Patch Finite Element Model
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Fig. 4.

(a§J FE model of the TM with axial cable elements representing collagen (10 pm length and
5 um diameter) and elastin (4 um length and 2 um diameter) fibrils distributed through the
TM specimen within a solid extracellular matrix (ECM). Stress-strain curves representing
the average responses from the (b) previously published healthy [81] and glaucoma [82]
experimental uniaxial tensile testing of human TM, compared to identical FE cable-in-solid
models.
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(a) Functions representing the time-dependent pressure boundary in the SC lumen that were
optimized in the analysis. (b) FE model of the TM/JCT/SC complex with a position- and
time-dependent pressure boundary as well as floating displacement boundary conditions at

the junctions with the scleral and cornea.
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SD-OCT video to images

v

Segmentation of the TM boundary in the healthy and
glaucoma eyes

y

Boundary node extraction
(X and Y coordinates)

Y

Image to volume mesh

!

Apply loading and boundary conditions, pressure
boundary, and material model assignment for finite
element simulations

y

Define control nodes, distribute fibers, and apply
penalty-based mesh-free cable-in-solid coupling

Optimization Process

Run the *k file in Matlab using LS-

DYNA solver .

!

Read the result files (*nodout) and
calculate the nodal coordinates;
compare to the experimental SD-

OCT data at each frame

!

Evaluate Cost Function

Calculate sum of distances
for all points

¥

Fminsearch — Unconstrainted

nonlinear minimization

Termination or
convergence test

y

Pre-tension in the collagen and elastin fibers and
pre-stress in the ECM due to ciliary muscle
contraction at an SC pressure of 0 mmHg

Fig. 6.

Optimal viscoelastic properties for the TM
extracellular matrixes in the healthy and
glaucoma eyes

Optimal elastic moduli for the TM collagen
and elastin fibers in the healthy and
glaucoma eyes

Optimal position- and time-dependent
pressure parameters in the healthy and
glaucoma eyes

The flow chart of model construction and FE-optimization processes.
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Fig. 7.
Nodal coordinates at the pressure boundary (SC wall) from the FE model and experimental

SD-OCT imaging data in 118-healthy with (@) elastic and (b) viscoelastic material models.
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Fig. 8.

Nodal coordinates at the pressure boundary (SC wall) from the FE model and experimental
SD-OCT imaging data in (a) 115-healthy, (b) 118-healthy, (c) 125-glaucoma, and (d) 126-

glaucoma eyes.
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OCT vs Finite Element Model OCT vstiﬁiteJElement Model

Fig. 9.
Comparison of specimen geometry of the OCT imaging data and FE simulation results in
the healthy and glaucoma eyes under the pressures of (a) 0, (b) 15, and (c) 30 mmHg.
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Fig. 10.
(a) OCT image of a TM/JCT/SC complex and (b) FE model of the TM/JCT/SC complex

showing the boundary between the internal and external regions of the TM. The volumetric
average stress-SC pressure response of the (¢) ECM, the average stress-SC pressure response
of the (d) collagen and (e) elastin fibrils in the healthy and glaucoma eyes.
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The optimized material properties of the TM in healthy and glaucoma eyes. The ECM was modeled as the

viscoelastic material, and the collagen and elastin fibrils were simulated as elastic cable elements.

Healthy Eyes

Tissuesand Fibers Go(MPa) G (MPa) B (V) p (kg/md)

ECM 24.50 17.02 500 1243

E (MPa) p (kg/m3)
Collagen fibril 2800 1100
Elastin fibril 90 1100

Glaucoma Eyes

Tissuesand Fibers Go(MPa) G (MPa) B (Ls) p (kg/md)

ECM 6.90 4.85 510 1243

E (MPa) p (kg/m3)
Collagen fibril 1100 1100
Elastin fibril 50 1100
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The volumetric average von Mises stresses in the healthy and glaucoma eye TM at different simulation times.

Time(ms) Averagevon Mises Stress (MPa)
Healthy Eyes Glaucoma Eyes

1 1.35 0.41

5 1.26 0.37

10 1.17 0.33

50 1.17 0.33

100 117 0.33

250 1.16 0.33

500 1.15 0.33

1,000 1.14 0.32

5,000 1.14 0.32

10,000 1.13 0.32

30,000 112 0.32

50,000 1.12 0.32

100,000 111 0.32

250,000 111 0.31

500,000 1.10 0.31

600,000 1.10 0.31
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The optimized material properties of the TM/JCT/SC complex in the healthy and glaucoma eyes. The ECM
was modeled as the viscoelastic material, and the collagen and elastin fibrils were simulated as elastic cable

elements.

Healthy Eyes

GoEcm) (MPa)

Geo (ecm) (MP) B (gcm) (Us)

Ecollagen fibril (MPa)

EkEtastin fibril (MPa)

115 (sample #1)  6.42 1.27 1000 2838 83

115 (sample #2)  7.10 1.02 1000 2840 50

118 (sample #1)  5.45 1.02 999 2837 75

118 (sample #2)  6.50 1.02 998 2744 42
Mean+SD 6.36+0.68 1.08+0.12 999.25+0.95 2814+47.18 62.5+19.6

Glaucoma Eyes

125 (sample #1)  37.90 5.85 822.52 5196 150

125 (sample #2)  35.40 6.35 978.75 4956 178

126 (sample #1)  46.90 4.85 572.50 5196 174

126 (sample #2)  43.90 4.85 947.74 5144 178
Mean+SD 41.02+5.29 5.47+0.75 830.37£184.70  5123+114 170+13.46
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