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Abstract

Aim—~Previous studies have shown that the trabecular meshwork (TM) is mechanically stiffer in
glaucomatous eyes as compared to normal eyes. It is believed that elevated TM stiffness increases
resistance to the aqueous humor outflow, producing increased intraocular pressure (IOP). It would
be advantageous to measure TM mechanical properties /n vivo, as these properties are believed to
play an important role in the pathophysiology of glaucoma and could be useful for identifying
potential risk factors. The purpose of this study was to develop a method to estimate /n-vivo TM
mechanical properties using clinically available exams and computer simulations.

Design—Inverse finite element simulation

Methods—A finite element model of the TM was constructed from optical coherence
tomography (OCT) images of a healthy volunteer before and during 10P elevation. An
axisymmetric model of the TM was then constructed. Images of the TM at a baseline 10P level of
11, and elevated level of 23 mmHg were treated as the undeformed and deformed configurations,
respectively. An inverse modeling technique was subsequently used to estimate the TM shear
modulus (G). An optimization technique was used to find the shear modulus that minimized the
difference between Schlemm?’s canal area in the /n-vivo images and simulations.

Results—Upon completion of inverse finite element modeling, the simulated area of the
Schlemm’s canal changed from 8,889 um? to 2,088 pm2, similar to the experimentally measured
areal change of the canal (from 8,889 pm? to 2,100 pm?). The calculated value of shear modulus
was found to be 1.93 kPa, (implying an approximate Young’s modulus of 5.75 kPa), which is
consistent with previous ex-vivo measurements.
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Conclusion—The combined imaging and computational simulation technique provides a unique
approach to calculate the mechanical properties of the TM /n vivo without any surgical
intervention. Quantification of such mechanical properties will help us examine the mechanistic
role of TM biomechanics in the regulation of IOP in healthy and glaucomatous eyes.
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1. Introduction

Glaucoma is a major health concern and a leading cause of blindness, affecting more than 3
million people in the US and 63 million people worldwide.12 Globally, the number of
glaucomatous bilateral blindness cases is expected to exceed 11 million by 2020;3 it has
been estimated that, by 2040, 111.8 million people will have glaucoma worldwide.!
Glaucoma is the cause of blindness for 120,000 people in the US, accounting for 9-12% of
all cases of blindness.34 Elevated intraocular pressure (I0P), a risk factor for glaucoma,
could be caused by increased resistance to the outflow of aqueous humor. Aqueous humor
exits the anterior eye through two pathways: the trabecular meshwork (TM) pathway,
accounting for ~60% of the outflow, and the uveoscleral pathway.® The TM pathway begins
at the apex of the iridocorneal angle. It continues through the trabecular tissue, across the
inner wall of Schlemm’s canal, into the canal’s lumen, and into the collector channels. This
pathway ultimately leads the aqueous humor to the episcleral venous circulation.® 10P
increases with respect to normal conditions both if the resistance to aqueous outflow or the
aqueous production rate increases.

The TM comprises three different layers: the innermost portion of the TM (the iridic and
uveal areas), the central corneoscleral part (which lies between the cornea and scleral spur),
and the outermost juxtacanalicular (JXT) part or cribriform layer (which lies between the
corneoscleral layer and the inner wall of Schlemm’s canal).” Different studies have
attributed the outermost JXT layer as the site of the outflow resistance.8? The endothelial
cells contained in the JXT tissue outer region lines the inner wall of Schlemm’s canal, an
oval shaped structure that collects aqueous humor. The extracellular matrix (ECM) of the
various layers of the TM consists of a number of components such as collagen fibrils, elastic
fibers, microfibril, and sheath-derived materials along with basement membrane proteins,
type IV collagen, laminin, proteoglycans, and glycosaminoglycans.10 In glaucomatous eyes,
significant changes in the components comprising the ECM and in TM cells have been
identified. Three examples of such changes in the TM at the cellular/ECM level are listed
below:

1 Primary open-angle glaucoma (POAG) is associated with an excessive
accumulation of sheath-derived plaques in the TM in comparison to the normal
eyel1

2. In steroid-induced glaucoma, the accumulation of the extra cellular materials has

shown to be present; however, unlike POAG, the material was found to be in a
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fingerprint-like morphology that resembled basement membranes throughout all
layers of the TM.12

3. Inpigmentary glaucoma, TM cell loss has been found to be prominent.1314 |n
addition to the trabecular cells loss, Gottanka et a/. found other distinctive
changes including trabecular lamellae fusion, collapse of the intertrabecular
space, increase in extracellular material, and canal obliteration in eyes suffering
from pigmentary glaucoma.13

It is also noteworthy that the cellularity of the TM decreases with age, a known risk factor
for glaucoma.1516 These changes in the TM at the cellular/ECM level may affect its tissue-
level mechanical properties. Since tissue-level mechanical properties are parameters that can
be quantified using standard bench-top methods, they are a good candidate for comparative
studies between normal and glaucomatous tissues. In particular, previous studies have
attributed the stiffness of the TM as an indicator for glaucoma. For instance, Last et a/1”
found TM stiffness to be considerably higher in POAG eyes compared to that of normal
eyes. They hypothesized that the underlying cause for the higher stiffness value in
glaucomatous eyes, /.e., the TM changes at the cellular/ECM level, contributed to the
decreased permeability of the TM to the aqueous humor outflow. Similarly, Russel ef a/.18
observed that glaucomatous TM cells were significantly stiffer than those in a normal TM.

The above studies clearly show an important correlation between glaucoma and increased
TM stiffness. All these studies, however, are limited in application, as they have been
conducted using isolated tissue samples. Specifically, previous studies in other tissues have
shown that mechanical loading and calculated mechanical properties could be significantly
different in the /n-vivo and ex-vivo environments.1® In addition, using ex-vivo samples
significantly limits the applicability of the measurement as a diagnostic tool in the future. To
bridge this knowledge gap, we propose a new method to determine the mechanical
properties of the TM Jn vivo without the need for any surgical intervention by employing
computer simulations and clinically available non-invasive TM imaging techniques.

2. Methods

2.1. Imaging and segmentation

The temporal limbus of a healthy subject (female, age 26 years) was imaged using optical
coherence tomography (OCT, Cirrus, Zeiss, Dublin, CA) at baseline and during IOP
elevation. IOP was elevated using an ophthalmodynamometer (Bailliart
ophthalmodynamometer, W. Koch Optik, Zurich, Switzerland) applying a 10-g force to the
sclera. IOP was also measured at baseline and during IOP elevation by Goldmann
applanation tonometry. The tip of the ophthalmodynamometer was placed temporal to the
cornea, midway between the limbus and lateral canthus. A team of three researchers, one
operating the OCT or Goldmann applanation tonometer, one applying pressure to the sclera,
and one assisting the patient with head placement in the headrest, was used. The
corresponding locations on the Schlemm’s canal were identified in radial OCT cross-
sectional B-scans based on the pattern of the limbal vessel crossings.2% The images were
segmented manually using the GNU Image Manipulation Program (GIMP 2.8.14) into air,
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cornea/limbus/sclera complex, Schlemm’s canal, TM, anterior chamber, iris, supracilliary
space, and “deeper structures” (those beyond the limit of penetration of the OCT scan) (Fig.
1).

2.2. Governing equation

2.3. Meshing

An axisymmetric model of the TM was constructed, similar to our previous finite element
models of the anterior eye.21-24 The TM was modeled as a neo-Hookean solid material. The
governing stress balance equation is given by:

V-o=0 (1)

where o represented the Cauchy stress tensor:

G 2Gv
i F(B -+ In(det F)I

7 (1 —2v) det F )

where G was the shear modulus, vwas the Poisson’s ratio, | was the identity tensor, F was
the deformation gradient tensor, and B was the left Cauchy—Green deformation tensor. The
tensors F and B were defined as:

dx
F=—
X (3)
B=FF", (4

where x was the current position of a material point and X was its resting position.

The finite element meshes were generated based on TM geometry segmented from /n-vivo
images according to the following steps:

1. The segmented TM images with the appropriate aspect ratio (Fig. 2A) were
imported in SolidWorks (Dassault Systemes, Velizy-Villacoublay, France) and
the boundaries of the TM section were manually tracked and obtained (Fig. 2B).

2. The SolidWorks output file was then imported into Abaqus (Dassault Systémes,
Velizy-Villacoublay, France) and meshed using a paving approach (Fig. 2C).

3. As Abaqus was capable of generating only 8-node quadrilateral elements, the
output of the Abaqus mesh was subsequently imported into an internally
developed C code, which was used to add an extra node to the elements to
generate 9-node bi-quadratic quadrilateral finite elements.
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The 9-node bi-quadratic quadrilateral elements were subsequently used in our internally
developed inverse finite element code, as described in the next section.

2.4. Inverse finite element modeling

A pressure boundary condition with the constant value of IOP was applied along the
boundary elements of the TM domain facing the iridocorneal angle (shown by solid arrows
in Fig. 3C). The pressure boundary condition was applied to mimic the changes in the IOP
in-vivo. In particular, since the 10P of the undeformed configuration was 11 mmHg and the
IOP of the deformed configuration was 23 mmHg, the difference of 12 mmHg was applied
as the pressure boundary condition. The TM boundaries that connect it to the much stiffer
surrounding tissues (Fig. 3C) were assumed to have negligible deformation in comparison to
the rest of the tissue. Thus, a fixed boundary condition was chosen for these regions. An
additional contact stress, @contact: Was applied along the boundary of Schlemm’s canal to
prevent tissue penetration into the stiffer scleral tissue:

d
Ocontact=A € En®n (5)

where d'is the shortest distance between the TM and the sclera, A and £ are adjustable
coefficients, n is the normal vector to the boundary, and ® is the dyadic operator.

We then used an inverse modeling approach?® to calculate the shear modulus G from the
experimental deformation data using a differential algorithm. The material was assumed to
be nearly incompressible, so a Poisson’s ratio (V) of 0.49 was used. The basic overview of
the process is given in the flowchart shown in Figure 4. The objective function was defined
as absolute value of the difference between the Schlemm’s canal area of the experimental
measurements SCy,, (the shaded area in Fig. 3D) and the genetically driven finite element
solution SCg;, (the shaded area in Fig. 3C after the deformation is applied):

EI‘I‘OI':|Schp - SCsim| (6)

The initial guesses for G were chosen between 10 kPa and 90 kPa. The simulations were
performed using an HP Intel Xeon machine at the Ohio Supercomputer Center (Columbus,
OH, USA).26 The inverse algorithm ran for 50 generations to ensure the convergence of the
solution.

3. Results

From the optimization technique, a value of 1.93 kPa was obtained for the TM shear
modulus, G. The simulated area of the Schlemm’s canal was found to be ~2,088 um? (the
area of the undeformed configuration was ~8,889 um?2) whereas the area of the experimental
image was found to be ~2,100 pm?2. Figure 5 shows the simulated result of TM using a shear
modulus of 1.93 kPa (a) without and (b) with the application of a contact force. The
optimization convergence was independent of our initial guesses, and the broader ranges of
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initial guesses only increased the computational time. On average, the solution process took
approximately 300 minutes (for 50 generations, the number of iterations for optimizing G).

4. Discussion

The best estimation of compressive Young’s modulus of elasticity (E) was obtained in a
study by Last et al., with an atomic force microscopy measurement of dissected TM
tissues.18 They found that TM tissue from a non-glaucomatous donor eye had a modulus of
elasticity of approximately 4 kPa. In our study in a living eye, we found a shear modulus
value of 1.93 kPa, which is approximately equivalent to an elastic modulus of 5.75 kPa.
Similarly, the use of the additional contact force did not have a dramatic effect on the
optimized value of the shear modulus, and G was found to be 2.0 kPa (~4% different from
1.93 kPa) when the contact force was not applied. Our measurement in the living eye was
only slightly larger than that of excised tissues.

Using simplified beam theory, Johnson et a/. estimated the TM elastic modulus to be 128
kPa (approximately equivalent to a shear modulus value of 43 kPa), which is substantially
higher than our estimated value.2” The simplified geometry and material models used in the
study of Johnson and colleagues could have contributed to the different outcomes: we used a
nearly incompressible neo-Hookean solid as our material model, whereas they employed a
linear elastic material model. In addition, we did not simplify the TM deformation to a beam
bending model. Camras et a/., using uniaxial stretching experiments, found the
circumferential elastic modulus of a normal TM to be 51.5 + 13.6 MPa28 and that of a
glaucomatous TM to be 17.5 + 5.8 MPa.1® Clearly, the reported modulus values in the
literature span a large spectrum, with a difference of nearly three orders of magnitude. One
reason for such discrepancy could be the way of measuring the stiffness. Camras et al.
measured the axial stiffness using larger tissue strips, whereas Last ef a/. only measured the
local compressive stiffness on a cellular level. It is noteworthy that, none of these ex-vivo
methods accurately encompass the mechanical response of the TM in vivo. In this study, we
attempted to capture the /n-vivo response of the TM at a tissue level. Another reason could
be the difference between cadaveric eyes used in the conventional testing methods and our
measurements /7 vivo. Nonetheless, more research is needed to increase the number of
experimental fittings both in multiple levels of IOP measurements and among additional
volunteers using our technique. Using a wider range of samples will help us discern the
interplay of the mechanical properties of the TM and regulation of 10P in healthy and
glaucomatous eyes. More detailed studies to identify the differences between the TM of
normal and glaucoma subjects by testing a sufficient number of cases so as to allow a
suitable statistical analysis are necessary.

In the realm of biomechanics, most soft tissues are treated as incompressible (or nearly
incompressible) materials since they consist largely of water.2 However, when there is a
fluid motion within the tissue, more complex constitutive models, involving mixture or
poroelasticity theory, are available to account for the fluid-solid interaction,30-32
Implementation of such complex models in the inverse finite element analysis of TM
deformation requires more than one fitting parameter. Increasing the number of fitting
parameters could jeopardize the uniqueness of the solution. As such, in the current study, we
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opted to use a more generalized nearly incompressible model to simulate the deformation of
the TM, and we employed only the shear modulus as our fitting parameter. We have
previously used smaller values of Poisson’s ratio as an indicator of compressibility in the
simulation of iris deformation.24 In our future studies, we aim to perform parametric studies
using our finite element model and examine the influence of TM compressibility on the
calculated value of the shear modulus. In addition, inverse finite element modeling using
both the shear modulus and Poisson’s ratio as the fitting parameters can be performed, if
necessary.

In inverse modeling of complex geometries, the choice of objective functions can affect the
quality of the fitting process.33 In our study, the Schlemm’s canal boundary was detected
with a high level of confidence. As such, the experimental errors due to segmentation were
minimized with the choice of Schlemm’s canal area as the objective function. In addition,
changes in the Schlemm’s canal area corresponded to lateral deformation of the TM.
Segmentation of the TM from the surrounding tissues is not as trivial; consequently, change
in the cross-sectional area of the TM was not used as an objective function in our current
study. If future advances in medical imaging provide more reliable methods for detecting the
boundary between the TM and the surrounding tissues, the fidelity of Schlemm’s canal as
the objective function in comparison to the other possible alternatives should be examined.

5. Conclusion

Our proposed technique provides a new approach to quantify the mechanical properties of
the TM in vivo by using only clinical imaging and computer simulations without the need
for any surgical intervention. Our technique could provide a framework for the development
of future diagnostic techniques to detect glaucoma at its earlier stages and for assessment of
treatment methods that could bring TM stiffness to its normal values.
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Fig 1.

(A) B-scan and (B) segmented images of the TM at baseline IOP, and (C) B-scan and (D)
segmented images of the TM at elevated IOP. Scale bars are 250 pm (horizontal and vertical
scale bars are of different length as the scans have a different aspect ratio).
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Fig 2.

(A) A segmented image of the TM. (8) TM image imported to SolidWorks (Dassault
Systemes, Velizy-Villacoublay, France) to generate the coordinates of the TM boundaries.
(O) Finite element meshes generated using Abaqus (Dassault Systemes, Velizy-Villacoublay,
France).
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Fig 3.

Se%mented images of the trabecular meshwork in (A) undeformed and (B) deformed
configuration. Finite element mesh and boundary of the trabecular meshwork in (C)
undeformed and in (D) deformed configuration, respectively. The boundary of the deformed
configuration is provided only for identifying the Schlemm’s canal area. In (C) the orange
lines represent the fixed boundary condition, whereas the black edge represents the region
where the pressure was applied.
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Inverse algorithm flowchart.
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A B

Fig 5.

Simulated results of the deformation of the TM (A) without the application of contact force
(the marked circle denotes the penetration of the TM into the stiffer scleral tissue) and (B)
with the application of contact force.
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