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Abstract

Glaucoma is the second leading cause of blindness worldwide. Certain types of
glaucoma are directly related to the iris contour. For example, in primary angle closure
glaucoma (ACG), the iris is positioned abnormally to the anterior. In my research project,
| tried to reveal the mechanisms underlying iris contour abnormalities using a
combination of computational and experimental studies.

The iris contour is determined by the balance of three forces: muscular
contractions, iris elastic responses, and hydrodynamic forces. The iris muscular forces
arise from activation of the iris constituent muscles while the elastic forces are the result
of passive mechanical behavior of the iris. Unlike the other two forces that are generated
by the iris, the hydrodynamic forces are caused by the continuous flow of the aqueous
humor (AH) in the anterior eye. An accurate and predictive computational model, which
could provide insights into pathophysiology of glaucoma and possibly lead to novel
therapeutic strategies, must accounts for all of the three elements contributing to the iris
contour. As part of the continues investigations in Dr. Barocas’s lab at the University of
Minnesota, the main purposes of this study were (1) to characterize the passive
mechanical properties of the iris, (2) to characterize iris-related risk factors to ACG using
anterior segment optical coherence tomography (AS-OCT) technique, and (3) to develop
a computational model of the iris-agueous-humor interaction in the anterior eye during

dilation.



The iris is composed of three constituent components: the stroma, the sphincter
iridis, and the dilator pupillae. To quantify the relative stiffness of different sections of
the iris, mechanical indentation tests and histological analysis in combination with a
three- dimensional finite element (FE) simulation were performed. The iris was divided
into three regions and the indentation tests were performed on both anterior and posterior
sides of porcine irides. The effective moduli and viscoelastic parameters for all regions
were calculated. Three-dimensional anatomically accurate models of iris indentation were
generated in ABAQUS, based on histological data. An inverse method was developed to
determine depth-dependent elastic properties of the iris by comparing experimental
results and FE predictions. The study outcomes supported the hypothesis that the
posterior layer was the stiffest and produced larger force with increasing depth.

In addition to the differences in their passive stiffness, the iris constituent
components also differ in their physiological function and/or pathophysiological roles.
For example, there is clinical evidence that in high-risk patients, pupil dilation, caused by
relaxation of sphincter iridis and contraction of dilator pupillae, can lead to acute ACG or
exacerbate chronic ACG. To study such risk factors, experimental and computational
studies were performed.

In the experimental study, twenty normal subjects underwent complete
ophthalmic examination and AS-OCT in a controlled-light study. Dynamic changes of
the anterior chamber and the iris configuration were captured during light-to-dark

(dilation) and dark-to-light (constriction) conditions in a series of AS-OCT images. The



relationship between iris parameters (like iris volume) and anterior chamber parameters
(like anterior chamber angle and anterior chamber volume) with changes of pupil
diameter were evaluated. We observed a decrease (increase) in iris volume and anterior
chamber angle during dilation (constriction), and no significant change in anterior
chamber volume. The results of this experimental study emphasized the idea that relative
compressibility of the iris and dynamic pupillary block play important roles in angle
closure mechanism.

Furthermore, a mathematical model of the anterior segment was developed to
study ACG risk factors. In a fluid-solid interaction model of the anterior segment, the
contribution of three anatomical and physiological factors (dilator thickness, AH
blockage, and iris compressibility) to changes in anterior chamber angle during pupil
dilation was investigated. The model predicted that iris bowing during dilation was
driven primarily by posterior location of the dilator muscle and aqueous humor blockage.
The model also predicted that the risk of ACG during dilation increased with iris

incompressibility, a result consistent with several clinical observations.
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Chapter 1 Nomenclature

1.1

Abbreviations

AC = Anterior Chamber

ACA = Anterior Chamber Angle

ACG = Angle-Closure Glaucoma

AH = Aqueous Humor

AODS500 = Angle Opening Distance at 500 pm
AS-OCT = Anterior Segment Optical Coherence Tomography
FE = Finite Element

IFIS = Intraoperative Floppy Iris Syndrome
IOP = Intraocular Pressure

IR = Iris Root

LPI = Laser Peripheral Iridotomy

MP = Mid-Periphery

OAG = Open-Angle Glaucoma

OCT = Optical Coherence Tomography

+PB = Presence of Pupillary Block

-PB = Absence of Pupillary Block

PDS = Pigment dispersion syndrome

PM = Pupillary Margin



SL-OCT = Slit Lamp Optical Coherence Tomography
TM = Trabecular Meshwork

UBM = Ultrasound Biomicroscopy

1.2 English Letters

= Slope in a linear regression model
= Cross-sectional area
= Intercept in a linear regression model
= Coefficient of quadratic term in the lens position function
= Coefficient of constant term in the lens position function
= Radius of cylindrical tip
= Non-negative material properties
= Distance
= Compressibility term
= Radial unit vector
= Circumferential unit vector
= Instantaneous modulus
= Equilibrium modulus

= Elastic modulus

= Elastic modulus vector



= Sample thickness
= Deformation gradient matrix
= Viscoelastic shear constant in Prony series function
= Shear modulus

= Initial shear modulus
= Indentation depth
= ldentity matrix
= Detriment of deformation matrix

= Initial bulk modulus
= Normal unit vector
= Pressure
= Indentation force

= Vector of simulation forces
= Vector of simulation forces

= Distance between the corneal axis and the centroid of the area
= residual vector

(R-squared) = Coefficient of Determination
= Stress

s = Seconds

=Time

= Traction tensor



= Displacement

= Radial displacement

= Axial displacement
= Velocity

= Radial velocity

= Axial velocity

= Volume

= Current position

= Rest position

1.3 Greek Letters

= Premier Lamé coefficients
= Weighting factor
AP = Pposterior - Panterior = Pressure difference between posterior and anterior
chambers
= Distance coefficient in the contact-prevention force

= Correction factor for calculating elastic modules using force-displacement

curve

= Second Lamé coefficients
= Weight factors matrix

= Viscosity

= Density



= Cauchy stress
= Cauchy stress for a neo-Hookean material
= Cauchy stress of the dilator
= Cauchy stress of the sphincter
= Cauchy stress of the stroma
= Scalar stress acting on dilator muscle
= Scalar stress acting on sphincter muscle
= Sum of squares of the residuals
= Viscoelastic time constant in Prony series function

v = Poisson’s ratio



Chapter 2

Introduction

2.1 Ocular Anatomy and Physiology

The eye is a complex organ which is supported and controlled by the extraocular

muscles around it. The eye is divided into the posterior segment including the vitreous

humor, retina, choroid, and optic nerve and the anterior segment containing the sclera,

cornea, iris, and lens (Figure 2-1a).
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Figure 2-1 (a) Anatomy of the eye composed of the anterior and posterior segments. (b)

Anatomy of the anterior segment and flow of AH (image courtesy: National Eye

Institute, NIH, Bethesda, MD).



2.1.1 Posterior Segment

The largest structure of the eye is the vitreous humor. The vitreous humor is
composed of water (98%), hyaluronic acid, and collagen fibers [1]. This transparent gel
plays optical as well as mechanical roles within the eye. It provides a support function by
pushing against the posterior surface of the lens during accommodation. During
accommodation, the eye moves the lens forward anteriorly to focus on objects at different
viewing distances. Clinical and mathematical studies support the idea that the vitreous
provides an essential support function during accommodation [2, 3]. The vitreous humor
also keeps the retina in place by pressing it against the choroid (Figure 2-1a).

The multi-layered retina lies at the back of the eye and is a derivative of and an
extension of the optic nerve. The rods and cones of the retina are responsible for

converting light into electrical signals [4].

2.1.2  Anterior Segment

The anterior segment can be divided into two chambers (Figure 2-1a): the anterior
chamber, which extends from the cornea to the iris; and the posterior chamber that lies
between the iris and the lens.

The cornea is the most anterior structure of the eye globe, a transparent multi-
layer tissue, and covers the anterior chamber. The cornea along with the lens and
trabecular meshwork is avascular tissues and is nourished by diffusion within the aqueous

humor (AH). The lens is positioned posterior to the iris and plays an important role in the



refraction of light and accommodation. In the following sections an overview of the

anatomy and physiology the AH flow and iris is presented.

2.1.2.1 Aqueous Humor

AH provides oxygen and nutrients to the lens and cornea and carries away waste
products from the metabolism of ocular avascular tissues [5]. It flows from the ciliary
body into the posterior chamber, and through the pupil, and it drains into the anterior
chamber (Figure 2-2). The angle between the anterior surface of the iris and the posterior
surface of the cornea is defined as the anterior chamber angle (ACA). The ACA is
typically about 30° in the normal eye (Figure 2-2). The majority of aqueous flow exits
through the trabecular meshwork into Schlemm's canal. The other main outflow

pathways are through uveoscleral outflow, the vitreous gel, and the retina [6].

TRABECULAR
MESHWORK

Figure 2-2 Anatomy of the eye composed of the anterior and posterior segments. The

ACA is the angle between the posterior cornea and anterior iris.
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The rate of AH outflow varies between 2.4-3.0 uL/min which has a slower rate at
night and for older people [7]. AH flow meets some resistance during the passage from
the posterior chamber into the anterior chamber. By crossing through the narrow gap
between the iris and the lens, a small resistance is generated. This phenomenon is termed
relative pupillary block. Also, drainage of the AH flow through the trabecular meshwork
produces a largest resistance which is the major contributor to intraocular pressure (IOP).
The I0OP, the pressure inside of the eye, can be calculated from the Goldmann equation
and is related to the AH rate, which is inversely related to the outflow facility. The IOP is
approximately 15.7-21.3 mmHg in the normal eye [8, 9]. However, long-term and short-
term variations in IOP have been reported. Fluctuation of IOP could be produced during
the day or night, but the lowest amount was reported during sleep [10]. Exercise and

changes in elevation could also have an effect on 10P [11].

2.1.2.2 Iris

The iris muscle is responsible for determining the size of the pupil and in
regulating the amount of light reaching the retina. The thickness of the iris is reported to
be 0.6 mm and 0.5 mm near the pupillary margin and iris root, respectively [4]. Human
pupil diameter can vary between 1.0 mm to 9.0 mm at maximum constriction and
maximum dilation, respectively [12]. In addition to the elastic forces generated by
mechanical behavior of the iris, iris movement is determined by two factors: (1) the
hydrodynamic forces caused by the continuous flow of the AH and (2) internal stresses

arise that from activation of the iris constituent.
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Sphincter
Iridis

Dilator
Pupillae

Figure 2-3 Histological cross-section of the porcine iris showing its three comprising
segments: the Sphincter Iridis, dilator pupillae and stroma (histology image is from Julie
E. Whitcomb)

The iris is composed mainly of three components, the sphincter iridis, the dilator
pupillae, and the stroma (Figure 2-3). These three main layers are reviewed in the
subsequent sections:

The sphincter muscle is a smooth muscle located near the pupillary margin on the
posterior surface of the iris. The average thickness of the sphincter muscle is 0.1-0.17
mm with a thickness of 0.75-0.8 mm for humans [4]. In the porcine model the average
sphincter thickness is 0.134 mm [13]. The sphincter iridis is oriented circumferentially
and innervated by the parasympathetic nervous system to contract the iris. The
stimulation of sphincter muscle can uniformly reduce the pupil size. Although it is not

clear whether the dilator muscle is in its relaxed state during the iris contraction, the
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sphincter muscles shortens by 87% in length as the pupil size is reduced from 8.00 mm to
1.5 mm in diameter [4].

The dilator muscle layer has a thickness of 4.0-6.0 um and is located on the
posterior surface of the iris [4, 14]. The periphery of the dilator muscles extends to the
iris root and disappears to the midportion of the sphincter muscle [4]. In contrast with the
sphincter, the dilator pupillae is arranged radially and is innervated by the sympathetic
nervous system [12].

The stroma is located on the anterior side of the iris and is composed of a collagen
network that supports the structure of the iris. The loose nature of the tissue allows AH
flow to move in and out of the stroma during dilation and contraction. The
communication of AH flow between the iris stroma and the anterior chamber had been
shown using injected ink [15]. More recently, Quigley et al. [16] reported the iris volume
is decreased during pupil dilation, demonstrating that the AH can freely pass into the iris

stroma.

2.2 Iris Contour Abnormalities and Glaucoma Care

Glaucoma refers to a group of eye disorders that results in damage to the optic
nerve, and eventually, loss of vision. Glaucoma is typically characterized by an increase
in 10P. In recent decades the glaucoma classification emphasizes the importance of
visually significant optic nerve damage [7]. Glaucoma is the most common cause of
irreversible blindness worldwide as results of glaucoma. Over 60 million people

worldwide affected where 8.4 million became bilaterally blind [7]. Studies have shown
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Latino Americans and African Americans are at a greater risk of developing glaucoma
than other ethnic populations [17]. The two major types of glaucoma are primary open-

angle glaucoma (OAG) and primary angle-closure glaucoma (ACG).

2.2.1 Primary Open-Angle Glaucoma

The most prevalent form of glaucoma is OAG. OAG occurs spontaneously where
there is no apparent ocular or systemic mechanism, without any hereditary predisposition.
In OAG, outflow of the AH through the trabecular meshwork is obstructed, which
increases the 10P, however, the angle remains open. Eventually, high IOP may result in
irreversible optic nerve damage and vision loss (specifically peripheral vision loss). Also,
the ACA for patients with OAG is always open whether the angle is wide or narrow or

the IOP is normal or high [18].

2.2.2  Primary Angle-Closure Glaucoma

ACG is defined as obstruction of aqueous outflow via the trabecular meshwork by
the peripheral iris when the ACA is extremely narrowed (Figure 2-4). When the angle is
closed, the 10P may become very high, causing symptoms such as blurred vision and
pain. Some cases of ACG are involved with pupillary block, a mechanism in which the
flow of aqueous from the posterior to the anterior chamber is inhibited due to the small
gap between the iris and the lens. Additionally, the iris is abnormally positioned towards

the anterior [18].
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Figure 2-4 UBM images of (left) normal eye and (right) ACG.

Several studies show that small eye size, a thick lens, steeper anterior lens
curvature, relatively anterior lens position, and short anterior chamber depth are all risk
factors for ACG [19, 20]. Although, the risks of precipitating acute angle closure by
dilation is still uncertain, there are studies that have shown a significant increase in IOP
[21]. Therefore, the dynamic changes of the iris configuration during dilation have
received attention recently.

Iris shortening, increased iris thickness and convexity [22, 23], decreased cross-
sectional area and iris volume, [16, 24]Jand dynamic changes of the iris during dilation

have been shown as risk factors in angle closure glaucoma.
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Figure 2-5 UBM images of (left) normal eye, (right) PDS provided by Dr. Prata, New York

Eye and Ear Infirmary.

2.2.3 Pigment Dispersion Syndrome

Pigment dispersion syndrome (PDS) is a common secondary glaucoma
characterized by loss of pigment from the posterior iris surface into the AH. PDS usually
occurs in response to the rubbing of the iris surface against the lens zonules. As a result,
excessive pigment deposition in the intraocular structures such as the trabecular
meshwork causes IOP elevation and optic disc damage. The anterior chamber is often
deeper for patients with PDS [25].

Clinical studies show that PDS is involved with reverse pupillary block. In the
reverse pupillary block mechanism, backward flow of AH results in higher pressure in
the anterior chamber than in the posterior chamber, and the iris is abnormally bowed
towards the posterior which causes an increase in iris—zonule and iris—lens contact

(Figure 2-5).
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Figure 2-6 Surgical image showing iris billowing, progressive intraoperative miosis and

iris prolapse from the surgical incision [26].

2.2.4 Intraoperative Floppy Iris Syndrome

In addition to glaucoma, other syndromes such as intraoperative floppy iris
syndrome (IFIS) are directly related to the iris contour. IFIS was first described by Chang
and Campbell (2005) who proposed that IFIS was associated with the use of tamsulosin
(Flomax) [26]. Tamsulosin is a systemic sympathetic a-1A antagonist that by binding to
the postsynaptic nerve of the iris dilator pupillae relaxes this smooth muscle. Patients
undergoing cataract surgery who were taking tamsulosin have more risk of developing
IFIS.

Poor preoperative pupillary dilation, flaccid and prolapsed iris stroma, and
progressive intraoperative pupillary constriction are observed during cataract surgery as
IFIS symptoms (Figure 2-6).

Recent research has shown that other systemic sympathetic a-1A antagonists such

as alfuzsion, terazosin, and doxazosin might be associated with IFIS by leading to disuse
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or atrophy of the iris, particularly of the dilator pupillae muscle [26, 27]. Current
morphological studies are looking at the effect of tamsulosin on the human iris. The
dilator and sphincter muscle thickness of a group of patients was measured using optical
coherence tomography (OCT) by Prata et al. [28] and with light microscopy by Santaela
et al. [14]. Both reports agreed that the average iris dilator thickness was significantly
different between tamsulosin-treated eyes as compared with control eyes. These studies
suggest that systemic a-1 adrenergic receptor antagonists like tamsulosin could be the

reason for structural alteration of the iris tissue.

2.2.5 Diagnosis of Glaucoma

A basic ophthalmological examination is usually performed to screen for
glaucoma. An ophthalmologist may perform tests to measure the patient’s refraction,
IOP, ACA, and visual field.

OCT is an imaging technique that captures a stereoscopic, 3D, view of the eye. It
also provides useful information about the anterior segment such as anterior chamber
depth, and ACA. During the OCT test, the AH is examined for pigment granules. The iris
is also transilluminated to assess the loss of posterior iris pigment to diagnose PDS or to
look for tears in the pupillary sphincter. The anterior chamber volume, the concavity of
the peripheral iris, and the curvature of the lens may be evaluated. The anterior surface of
the lens capsule could be examined to observe exfoliation, pigment on the zonules and
other abnormalities. However, the examination is not completed until the IOP is

measured.
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Figure 2-7 (right) Anterior segment OCT and (left) UBM images [29].

Ultrasound biomicroscopy (UBM), like OCT, is designed for imaging the anterior
segment of the eye. It provides the ability to view in vivo cross sections of the structures
of anterior segments with a resolution of approximately 50 pm (Figure 2-7). High
resolution anterior segment imaging has allowed ophthalmologists to elucidate numerous
aspects of the pathophysiology of eye disorders [30].

Raised IOP is the most important modifiable risk factor for the development and
progression of glaucomatous optic neuropathy. A tonometer is an ocular instrument that
examiners use to evaluate the IOP. The Maklakov tonometer is the simplest type of
tonometer whereas the Goldmann tonometer is considered the most accurate and standard
one (Figure 2-8). Since the device in some cases makes contact with the cornea, an eye
drop such as proparacaine is introduced onto the surface of the eye. The tonometer is
pushed against the cornea and the force required to flatten a certain area of the cornea is

converted to pressure.

17



Figure 2-8 Maklakov (left) and Goldmann tonometer (right).

Reliable knowledge about the anatomy of the anterior segment, particularly the
ACA, could help ophthalmologists to better manage glaucoma. Indentation gonioscopy is
a clinical techanique and standard tool in the evaluation of the ACA. In an indentation
gonioscopy test, a goniolens is pushed against the cornea of patient to characterize the iris
contour and measure the ACA (Figure 2-9). Measured angles of 20-35° are classified as
open angle whereas less than 10° measured angles are categorized as very narrow

angle/closed angle [7].

(Image of Iridocorneal Angle)

Gonioscope Gonioscope Mirror

Ocular Lubricant Cornea

Iridocorneal Angle
Iris

Figure 2-9 Gonioscopy schematic
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In normal eyes, due to greater pressure in the posterior chamber rather than the anterior
chamber, the iris has a convex periphery. In contrast, a flat or concave iris contour may
be associated with plateau iris or PDS, respectively. The ACA is narrowed and
consequently not visible in gonioscopy. However, by indenting the gonioscopy toward

the cornea, the narrowed angle chamber angle can be opened [31].

2.2.6 Current Glaucoma Treatment

Pharmaceuticals (applied directly or taken orally) often are the first common
treatment for glaucoma. These include prostaglandin analogs, beta blockers,
sympathomimetics, carbonic anhydrase inhibitors, and parasympathomimetics. Glaucoma
eye drops can be very effective at reducing IOP and preventing eye damage, although
like other eye drops, they can cause side effects on different patients. Pilocarpine is an
example of a parasympathomimetic. Clinical studies have reported adding a small
amount of pilocarpine into the anterior camber of the eye can reduce the anterior chamber
volume and rate of AH production and increase the rate of AH outflow and the 10P [32].
It also reduces the size of the pupil that can cause a lessening in vision and can prevent
normal dilation [33].

Laser Peripheral Iridotomy (LPI) was first used to treat ACG, although it may be
performed to treat OAG and PDS as well. LPI is a procedure where a surgeon makes a
small hole in the peripheral iris to facilitate the flow of AH from the posterior to the
anterior chamber. This application allows equilibrating the pressure between the

chambers which eliminates the relative pupillary block and eventually lowers the I0P
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[18]. Although LPI is almost performed exclusively in patients with angle closure
glaucoma and is known as a safe application, there are some risks to consider in this
procedure, including corneal endothelial cell damage [32], inflammation, and bleeding of
the eye. Also, it could injure the lens by damaging it directly due to the laser itself or
indirectly by lessening the circulation of the AH around the lens and reducing lens
nourishment [34]. Several studies have reported that the IOP after performing LPI was
not significantly decreased in patients [35, 36]. Moreover, in some cases the surgeon
manages to perform more than one LPI [18].

While the current pharmacological and surgical treatments of glaucoma are
considered quite successful to save remaining vision, they cannot improve lost sight.
Moreover, there are risk factors and side effects associated with these treatments.
Therefore, the need to improve therapeutic techniques is an immediate problem.
Understanding the dynamic behavior of the anterior segment, particularly the
pathophysiology of the iris, will help us to improve diagnosis and general treatment

strategies for iris contour abnormalities.
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Chapter 3 Analysis of the Anterior Segment during
Dynamic Pupil Dilation and Constriction using Optical

Coherence Tomography

(This work was part of the paper “Analysis of the Anterior Segment during Dynamic Pupil
Dilation and Constriction using Optical Coherence Tomography” by Sara Jouzdani, Eric M.
Christiansen, Syril Dorairaj, Alfredo Castillejos, Jeffrey M. Liebmann, Robert Ritch, and Victor H.

Barocas, Clinical and Experimental Ophthalmology 2012, In review)

3.1 Summary

The purpose of this study was to examine the dynamic changes in iris
configuration and anterior chamber (ACA) during pupil dilation and constriction using
anterior segment optical coherence tomography (AS-OCT). Twenty normal subjects
underwent complete ophthalmic examination and AS-OCT in a controlled-light study.
Dynamic changes of anterior chamber (AC) and iris configuration were captured during
light-to-dark (dilation) and dark-to-light (constriction) conditions in a series of AS-OCT
images. The relationship between iris parameters - iris chord length, curvature, concavity
ratio, cross-sectional area, and volume - and AC parameters - AC cross-sectional area,
volume, and angle opening distance (AOD500) - with changes in pupil diameter were
evaluated. The hysteresis area of each measured variable vs. pupil diameter during
dilation and constriction was calculated to examine possible asymmetry between dilation

and constriction at the same pupil diameter. The iris curvature and concavity ratio
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increased with dilation while AOD500, chord length, cross-sectional area, and volume of
the iris decreased significantly (p < 0.05, paired t-test). The reverse occurred for all
measurements during constriction. AC cross-sectional area and volume did not change
significantly during pupil dilation or constriction (p > 0.05). No significant effect was
observed in the hysteresis area calculations. The volume of the AC did not change

significantly during dilation or constriction.

3.2 Introduction

Angle closure glaucoma (ACG) is a major cause of irreversible blindness [37].
Although the anatomical basis of ACG is not fully understood, closing or narrowing of
the angle is often attributed to pupillary block, in which the flow of aqueous humor (AH)
from the posterior chamber to the AC is inhibited due to the small gap between the
central posterior iris surface and the anterior surface of the lens. Higher pressure in the
posterior chamber generates a net force that bows the iris anteriorly, resulting in
narrowing of the ACA and blockage of the aqueous outflow pathway. Although it is well
known that pupillary block is a major mechanism causing ACG, its contribution during
dilation is not clear. We have shown theoretically [38, 39] that pupillary block of the
steady AH flow (static pupillary block) does not explain the tendency of the angle to
narrow with dilation. Moreover, no significant change in posterior chamber volume was
observed during dilation by Dorairaj et al. [40] All of these studies suggest that dynamic
motion of the iris may provide a more reasonable mechanism to capture the behavior of

pupillary block rather than static pupillary block mechanism. We define this mechanism
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as “dynamic pupillary block,” in which AH is trapped temporarily in the posterior
chamber and causes the anterior iris bowing.

Iris thickness, particularly in the iris root region, and iris curvature increase
significantly [22, 23, 41-43] during pupil dilation while ACA, iris cross-sectional area,
and iris volume decrease [16, 44, 45]. The stroma is composed of a network of loosely
organized collagen and interstitial fluid [15]. Therefore, loss of the iris volume during
dilation may be due to motion of the extracellular fluid out of the iris and into the AC.

The changes with dilation, however, are often examined only in light vs. dark
conditions rather than at a series of light levels, and there is often little control over the
light level. Further, effects involving fluid flow - (1) dynamic pupillary block and
trapping of AH in the posterior chamber, and (2) exudation/imbibition of AH by the iris
stroma [16] - could produce an asymmetry between dilation and constriction. In the case
of dynamic pupillary block, one would expect that the iris would be pushed to the AC
during dilation, but would be pushed to the posterior by fluid trapped in the AC during
constriction, similar to reverse pupillary block [46-49]. Amini et al. [50] have shown
recently that the posterior location of the dilator can contribute to the anterior iris bowing
using a non-pupillary block dependent mechanism. Anterior bowing of the iris as a result
of the contraction of the dilator, located in the extreme posterior of the iris and in the
absence of the aqueous dynamic pressure change, suggests that the dilator muscle’s
anatomical location affects the iris configuration during dilation. Thus, a controlled-light

study of pupil dilation and constriction could provide more insight into the role of
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different effects in determining iris contour changes during dilation and consequently the
mechanism of angle closure with dilation. Specifically, we tested the hypothesis that
there would be a dilation/constriction hysteresis, as would be predicted by the dynamic
pupillary block model. The objective of this work was to assess whether there are
significant differences in the iris configuration during dilation and constriction at the

same pupil diameter.

3.3 Methodology

3.3.1 InVivo Experiments (S. Dorairaj, A. Castillejos, and J. Liebmann)

The study followed the tenets of the Declaration of Helsinki and was approved by
the Institutional Review Board (IRB) for Human Research of New York Eye and Ear
Infirmary. A total of 20 volunteer subjects were prospectively enrolled after obtaining
informed consents. All subjects underwent a complete ophthalmic examination, including
a review of medical history; measurement of best-corrected visual acuity (BCVA); slit-
lamp biomicroscopy; Goldmann applanation tonometry (GAT); gonioscopy; and dilated
fundoscopic examination. All eyes were normal on gonioscopic examination and showed
no evidence of a glaucomatous optic disc or IOP elevation. Subjects with a history or
current use of topical or systemic medication that could affect the angle or the pupillary
reflex, those with a history of previous intra-ocular surgery and lasers, and those unable
to fixate prior to the AS-OCT examination were excluded. One eye was randomly

selected for an AS-OCT examination and analysis. All participants were imaged in terms
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of the nasal and temporal angle (0-180°) using AS-OCT system with resolution < 25 um
and a lateral resolution of 20-100 um (1310-nm diode laser; Heidelberg Engineering,
Heidelberg, Germany). Images were acquired at different standardized lighting
conditions, grading from light to dark to light, by a single well-trained operator.
Participants were asked to sit back after imaging and wait for 15 seconds, during which
the lighting conditions were changed. After 15 seconds of subject adaptation to the new
lighting conditions, images were re-acquired. Subjects were examined in a room
equipped with a 100 W lamp attached to a home-made, pedal-activated step dimmer
switch. The lamp was initially set at full power (100 W), and then was stepped down to 0
W (room lit only by the light from the examiner’s computer) and back up to 100 W in 25

W increments (Figure 3-1).

— s Image #1 Image #3

Power
—> Image #2

M
Full brightroom 100 W -+= -
W Image #5
Dark room ow Ti;ne (s)
0 15 60 120

Figure 3-1 Lamp power (Watt) over time (seconds). 5 images were taken over 60
seconds when the light power changed from full power (100 W) to 0 W and 5 images

when the light power backed up to full power (100 W).
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Figure 3-2 Typical AS-OCT images of one subject. Dilation occurred during the first 60
seconds (images 1-5) and followed by constriction during the second 60 seconds
(images 5-9).

A total of 9 images were captured for each subject. Dilation occurred between 0
and 60 seconds (images 1-5) and followed by constriction between 60 and 120 seconds
(images 5-9) as shown in Figure 3-2. Each AS-OCT image consists of 944 x 524 pixels

(lateral x axial). The lateral scanning width was set to 15 mm.
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Figure 3-3 Typical AS-OCT image. Anterior segment and iris parameters using image)
software: The pupil diameter, area and centroids of anterior nasal iris (1), temporal iris

(2), AC (3), nasal AC (5), temporal AC (6), iris chord length, iris curvature, and AOD500.

3.3.2 Image analysis (S. Jouzdani and E. Christiansen)

Anterior segment parameters for each image were evaluated by two different
independent observers who were masked to other test results and clinical information on
participants.

Quantitative analysis of the AC and iris configuration (Figure 3-3) was performed
using the ImageJ software available from the National Institutes of Health [51].

The pupil diameter was calculated by drawing a line across the pupil margin. The
AC, the nasal iris, and the temporal iris were traced manually, and their areas and
centroids (center of area) were calculated via a custom ImageJ macro (points 1 and 2 in
Figure 3-3). The center of the pupil was defined as the midpoint of the line segment

joining the centroids of nasal and temporal iris cross-sectional areas (point 3 in Figure 3-
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3). We also considered calculating the pupil center by taking the midpoint of between iris
tips, but the first method was found to be more accurate in slanted images. The AC area
and its centroid (points 6 in Figure 3-3) were calculated. The corneal axis was drawn
through the centroid of the AC and the center of the pupil (the dashed line in Figure 3-3).
The corneal axis allowed us to divide the AC in two areas (i.e. temporal and nasal AC)
and AC nasal (points 4 in Figure 3-3) and temporal (points 5 in Figure 3-3) centroids.
The volume of the solid formed by rotating the AC and iris (both nasal and temporal)
areas around the corneal axis was estimated by the following expressions
/2 3-1
/2 3-2
where s the distance between the corneal axis and the centroid of iris or AC, and is
the cross-sectional area of the iris or AC. These formulas are equivalent to averaging the
volumes calculated separately based on the nasal and temporal halves of the image. In the
case of equal nasal and temporal regions, Equations 3-1 and 3-2 reduce to the well-
established theorem of Pappus [52].

AOD500 was measured by drawing a perpendicular line from the cornea at 500
um from the scleral spur to the iris surface as shown in Figure 3-3. The scleral spur was
defined as the point at which a change in curvature of the inner surface of the angle wall
became apparent, often presented as an inward protrusion of the sclera [53]. The iris
chord length was defined by drawing a line from the most peripheral point of the iris to

the iris tip. Iris curvature was measured by drawing a perpendicular line from the chord to
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the iris pigment epithelium at the point that had the largest distance from the iris chord
length as shown in Figure 3-3. The iris concavity ratio was also calculated, defined as the
ratio between iris curvature and chord length [50]. Distances were converted from pixels
using the manufacturer’s recommended factor of 0.016 mm/pixel. Linear regression was
performed on both the dilation and constriction phases to assess significance of the
changes observed, and the coefficient of determination ( ) was also calculated.
Furthermore, in order to examine the difference between dilation and constriction, the
hysteresis area, that is the area between the dilation and constriction curve, for each
variable. A small hysteresis area indicated little difference between the dilation and
constriction curves, whereas a large hysteresis area indicated that quantity of interest was
different between dilation and constriction at the same light level. The average of both
nasal and temporal measured values for chord length, curvature, AOD500, and AC and
iris cross-sectional areas was used for the analysis. Unless stated otherwise, values are
reported as mean + 95% CI. Effects with p-value less than 0.05 (p < 0.05) were deemed

significant; those with (p < 0.1) were deemed trends.

3.4 Results

The 20 subjects had mean age of 32.7 £ 4.2 years, 40% were Asian (8/20), 55%
were Caucasians (11/20) and 5% (1/20) was African American, including 8 female and
12 male subjects. Figure 3-3 shows the change in each measured variable for dilation (t =

0-60 sec) and constriction (t = 60-120 sec) phases using simple linear regression
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3-3
where , are the slope and intercept respectively, and the linear regression results
including p-value, and R-squared ( ) were calculated and reported in Table 3-1. As
summarized in Table 3-1, all parameters changes significantly during dilation and

constriction except for AC cross-sectional area and volume.

Table 3-1 Summary of linear regression model.

Parameter [value (t) - value(t=0)] Intercept ( ) Slope ( ) p-value

Dilation (t = 0-60 sec)

Pupil Diameter (mm) 0.056 0.022 <0.0001 0.99
Iris Area (mmz) 0.003 -0.004 <0.0001 0.99
AC Area (mm?) 0.235 0.004 0.482 0.18
Iris Volume (pL) -0.188 -0.059 <0.005 0.98
AC Volume (pL) 1.570 -0.029 0.468 0.19
Iris Curvature (mm) -0.030 0.002 <0.05 0.78
Iris Chord length (mm) 0.010 -0.011 <0.0001 1.00
Concavity ratio 0.007 5.63e-4 <0.05 0.86
AOD500 (mm) -0.015 -0.004 <0.05 0.98
Constriction (t = 60-120 sec)
Pupil Diameter (mm) 3.222 -0.032 <0.005 0.97
Iris Area (mm?) -0.646 0.006 <0.005 0.97
AC Area (mm?) 0.845 -0.006 0.883 0.88
Iris Volume (pL) -7.002 0.059 <0.05 0.87
AC Volume (uL) 0.380 0.003 0.843 0.02
Iris Curvature (mm) 0.240 -0.002 <0.005 0.96
Iris Chord length (mm) -1.543 0.015 <0.005 0.97
Concavity ratio 0.066 -5.08e-4 <0.005 0.93
AOD500 (mm) -0.437 0.002 <0.05 0.93

30




As expected, the pupil diameter changed significantly with light level (Figure 3-4
a). There was no significant change of AC cross-sectional area (Figure 3-4b) or volume
(Figure 3-4c). Unlike the AC, the iris cross-sectional area (Figure 3-4d) and volume
(Figure 3-4e) both showed a significant decrease with dilation and a significant increase
with constriction, consistent with observations by others [16, 44] and with the idea that
there is fluid transfer between the iris and the AH. It is suspected that the relatively small
amount of volume passed between the iris and AC was not sufficient to be resolved
within the accuracy of the AC measurement in Figure 3-4b and c. AOD500 decreased
during dilation and increased during constriction (Figure 3-4f). The iris curvature
increased with dilation (Figure 3-4g), and the iris chord length decreased (Figure 3-4h).
Therefore, the concavity ratio increased with dilation (Figure 3-4i). The reverse occurred

for all three measurements during constriction.
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Figure 3-4 Linear regression analysis showing the change of measured variable from the

initial (t=0 sec) case for dilation (t = 0-60 sec) and constriction (t = 60-120 sec). During

dilation, the pupil diameter (a) increase significantly, the AC cross-sectional area (b), and

the AC volume (c) do not significantly changed. The iris cross-sectional area (d) and the

iris volume (e), the AOD500 (f), and the chord length (h) decreased. The curvature (g)

increased, and the concavity ratio (i) increased. The reverse occurred for all measures

during constriction (bars are 95% confidence interval, n = 20).

The measurements that exhibited a significant change with dilation/constriction in

Figure 3-4 were further examined by plotting each variable vs. pupil diameter for both

dilation and constriction (Figure 3-5). Figure 3-5a shows the AOD500 measurements and
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also how the hysteresis area and pupil range were defined. As can be seen from the
average data of Figure 3-5, the AOD500 (Figure 3-5a) was higher during dilation than
constriction. The iris cross-sectional area showed very little hysteresis (Figure 3-5b), but
the iris volume was higher during dilation (Figure 3-5c). The iris curvature (Figure 3-5d)
showed a difference for small pupil diameters but was largely independent of
constriction-dilation direction for large pupil diameters. When the curvature was divided
by chord length (Figure 3-5e), the resulting concavity ratio (Figure 3-5f) showed similar
behavior — little difference between constriction and dilation for the large pupil

diameters, but a divergence between the two curves for small pupil diameter.
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Figure 3-5 The relationship between mean of measured values for (a) AOD500, (b) iris
area, (c) iris volume, (d) curvature, (e) chord length, and (f) concavity ratio as function of
pupil diameter size (mean, n = 20). Dynamic dilation (D) and constriction (C) are shown
in blue and red arrows, respectively. Typical hysteresis area and pupil range

measurements (for AOD500) are demonstrated in (a).
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Table 3-2 Hysteresis area for measured values (mean + 95% CI, n = 20), and p-value

Average Hysteresis Area
Parameter p-value
(Mean £ 95% Cl)
Iris Area (mm?) 0.013 £0.038 0.62
Iris Volume (pL) 0.12 +£0.039 0.30
Iris Curvature (mm) -0.010 £ 0.038 0.34
Iris Chord length(mm) 0.008 £ 0.042 0.58
Concavity ratio -0.003 £ 0.010 0.32
AOD500(mm) 0.033 £ 0.0363 0.08

The hysteresis area was also calculated for each individual patient, and the
summary data are presented in Table 3-2. There was no significant hysteresis at the 95%
confidence level (p > 0.05 for all quantities), but the AOD500 showed a trend, (p = 0.08)
that should be investigated, as will be addressed further in the Discussion section. There
was no significant hysteresis in iris area, volume, and curvature between dilation and
constriction.

The changes in the measured parameters during dilation and constriction were
also investigated by comparing all measured values in initial and final images. The
lighting conditions in initial and final images were the same (lamp at 100 W in both
cases), but the pupil diameter and AOD500 decreased significantly by an average of

11.32% (p < 0.01) and 11.63% (p < 0.05), respectively, from before dilation to after
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constriction, while the iris chord length increased by an average of 4.44% (p < 0.05).

Other parameters did not change significantly between the two full-light conditions.

3.5 Discussion

Before discussing the results of this study in the larger context, we compare them
to the recent work of Cheung et al. [43], who examined dynamic changes in iris contour
following an abrupt change in light level from dark to light. They broke the response
down into three groups: concave-concave (iris remained concave in light and dark),
convex-convex (iris remained convex in light and dark), and concave-convex (iris was
concave in light but convex in dark). Comparing our results to Cheung’s results for
subjects with open angle (Figure 3-6), we see that our data fell into similar groups.
Cheung’s experiments showed a higher fraction of subjects in the convex-convex group
than ours. We suspect that this is due to the younger age of our subjects (32.7 years old
vs. 52.4 for Cheung’s open-angle subjects), particularly given the correlation of

convexity with age [43, 54].
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Figure 3-6 The distribution of subjects expressed in percentage (%). Three
different dynamic patterns of iris configuration during dilation, and constriction, and
comparison with the data of Cheung et al. [43].

There was a significant difference between the pupil diameters in the initial and
final images. At the initial and final pupil diameter, the intensity of light is the same, but
this difference could be explained by the dark-adaptation of the retina. The pupil could
have been more sensitive at the end of the experiment, causing a smaller pupil.

Although LPI is a common and effective treatment for ACG, several case studies

have reported residual angle closure [35, 36, 55], and the mechanism by which the angle
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narrows during dilation remains poorly understood. The different theories regarding
dilation-induced angle narrowing are discussed in subsequent paragraphs in the context
of our results.

Quigley and others [16, 44, 45] have put forward the idea that the iris loses water
volume in normal individuals during dilation but not in ACG patients, suggesting that the
reduced ability to change iris volume during dilation forces the iris into the angle. The
current study, which involved only normal subjects, obviously cannot address the
differences between normal and ACG patients. Nevertheless, we observed a small but
significant decrease in iris volume during dilation and a corresponding increase during
constriction, which was consistent with previous studies. Although the hysteresis area
was not significantly different from zero, there was a slight overshoot in the iris volume,
with the volume continuing to decrease during the first constriction step even though the
pupil diameter was decreasing. This overshoot was not seen in the AOD500
measurements. The lack of significant difference in iris volume between dilation and
constriction suggests that, for the normal subjects studied, fluid can move easily out of
and into the iris because any practically significant resistance would have resulted in a
volume hysteresis.

Huang and Barocas [39] proposed the idea of dynamic pupillary block, in which
the motion of the iris changes the equilibrium volumes of the anterior and posterior
chambers, but the pupil remains blocked, forcing anterior bowing of the iris to

accommodate AH trapped in the posterior chamber. Dynamic pupillary block would
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suggest that the iris curvature would exhibit significant hysteresis if the experiment were
performed on a time scale that allowed some but not all of the aqueous to leak through
the pupil. The lack of hysteresis in our study has three reasonable explanations: (1)
dynamic pupillary block is not an important effect (in normal or angle closure patients),
(2) dynamic pupillary block is not an important effect in normal subjects but is important
in angle glaucoma patients, or (3) the time scale of the experiment was too short for the
dynamic pupillary block effect to be relieved, which would be necessary to create the
hysteresis. Further studies, clearly needed to distinguish among these explanations, are
now possible based on success of the current study. Stability of AC volume (Figure 3-3c),
combined with our previous observation that PC volume is stable during dilation,
suggesting that there is a minimal flow between AC and PC during dilation and
consistent with dynamic pupillary block concepts.

We have also [50] suggested that the posterior placement of the dilator muscle
within the iris contributes to the anterior bowing that occurs during dilation. This
mechanism, which could work synergistically with either or both of those identified
above, would be expected to be reversible without hysteresis and thus is consistent with
all of our observations.

The hysteresis in AOD500, although not significant at the 95% confidence level,
yielded a low enough p-value to suggest that a larger study, perhaps in combination with
a study on narrow-angle subjects for comparison, could yield a significant effect. If the

hysteresis were to prove significant, it would raise the question of how the angle can
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exhibit significant differences between dilation and constriction when the iris curvature
and the iris volume do not. That is, one must ask what is different in dilation vs.
constriction that affects AOD500 more pronouncedly than it does the other geometric
parameters, or whether it is simply a matter that the other quantities have more variation,
making hysteresis difficult to measure with available technology.

It is interesting to note that both pupil diameter and AOD500 decreased over
course of the experiment. That is, at the end of the experiment, even though the light
level was as at the start, the pupil was more constricted, and the angle was narrower.
Even that the angle tends to narrow with dilation and open with constriction (Figure 3-4a,

2.4c¢, 2.41), the start-to-end results are counterintuitive and suggest a dynamic effect.
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Chapter 4 Contribution of Different Anatomical and
Physiological Factors to the Iris Contour and Anterior
Chamber Angle Changes during Pupil Dilation:

Theoretical Analysis

(This work was part of the paper “Contribution of Different Anatomical and Physiological Factors
to Iris Contour and Anterior Chamber Angle Changes during Pupil Dilation: Theoretical Analysis”
by Sara Jouzdani, Rouzbeh Amini, and Victor H. Barocas, Invest Ophthalmol Vis Sci 2012,

Submitted)

4.1 Summary

In this study we investigated the contribution of three anatomical and
physiological factors (dilator thickness, dynamic pupillary block, and iris
compressibility) to changes in iris configuration and anterior chamber angle (ACA)
during pupil dilation. A mathematical model of the anterior segment based on the average
values of ocular dimensions was developed to simulate pupil dilation. To change the
pupil diameter from 3.0 mm to 5.4 mm in 10 seconds, active dilator contraction was
applied by imposing stress in the dilator region. Three sets of parameters were compared
in the simulations: (1) a THIN (4 um, 1% of full thickness) vs. a THICK dilator (covering
the full thickness iris) to quantify the effects of dilator anatomy, and (2) in the presence
(+PB) vs. absence of pupillary block (-PB) to quantify the effect of dynamic motion of

aqueous humor (AH) from the posterior to the anterior chamber, and (3) a
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COMPRESSIBLE vs. an INCOMPRESSIBLE iris to quantify the effects of iris volume
change. Changes in the apparent iris-lens contact and angle opening distance (AOD500)
were calculated for each case. The THIN case predicted a large increase (average 700%)
in iris curvature compared to the THICK case (average 70%), showing that the anatomy
of dilator plays an important role in iris deformation during dilation. In the presence of
pupillary block, AOD500 decreased 25% and 36% for the COMPRESSIBLE and
INCOMPRESSIBLE iris, respectively. Iris bowing during dilation was driven primarily
by posterior location of the dilator muscle and by dynamic pupillary block, but pupillary
block did not have as large an effect on angle closure as measured by AODS500.
Incompressibility of the iris, in contrast, had a relatively small effect on iris curvature but

a large effect on AOD500. Thus, we conclude that all three effects are important.

4.2 Introduction

Angle closure is well documented to be more severe in dilation [23, 56]. Three
potential causes for dilation-induced angle closure, all meriting further consideration, are
the following: posterior location of the dilator muscle, (dynamic) pupillary block, and iris
volume change (or lack thereof). These three physiological effects are reviewed in the
subsequent paragraphs.

The dilator muscle’s anatomical location and thickness affect iris configuration
during dilation. In human eyes, the dilator is located on the posterior surface of the iris
with a thickness of 4-8 um [4, 14]. Amini et al. [50] have recently shown that the

posterior location of the dilator muscle can result in anterior bowing of the iris during

42



dilation by a process independent of the AH dynamic pressure change. Contraction of the
dilator muscle, located in the extreme posterior of the iris, tends to curl the iris and bow it
to the anterior, consequently narrowing the angle.

Mapstone [57] theorized that pupillary block arises when the resultant of the two
iris internal forces, namely muscle contraction and material stretch, produces a net force
acting towards the lens surface and blocking the pupil. Pupillary block has generally been
invoked in association with the steady flow of the AH through the pupil [58-60]. Huang
and Barocas [39], however, showed that steady-state pupillary block is inconsistent with
increased angle closure during dilation. Thus, one may naturally postulate that dilation-
induced pupillary block is rather a transient phenomenon. In particular, iris motion during
dilation may pressurize the AH in the posterior chamber and subsequently drive AH from
the posterior to anterior chamber. If, however, internal forces (due to active contraction
and tissue stretch) pin the iris tip against the lens surface and obstruct AH flow at the iris-
lens gap, the pressure in the posterior chamber will rise and bow the iris to the anterior.
We refer to this phenomenon as “dynamic pupillary block.” In other words, dynamic
motion of the iris provides a more reasonable mechanism by which dilation could induce
bowing than does the static pupillary block mechanism.

The iris volume change during dilation is another physiological factor that may
contribute to angle closure. Quigley et al. [16] observed a significant dynamic change in
the iris volume of normal subjects during dilation but not in patients suffering from

angle-closure. They proposed the idea of iris relative incompressibility in angle closure
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glaucoma (ACG) patients. Aptel et al. [44] reported similar results for open angle
glaucoma (OAG), the control group, and ACG patients. Quigley et al. [16] have argued
eloquently that ACG patients have less tendency to lose iris volume due to relative iris
incompressibility compared to the normal subjects. Lack of significant changes in the iris
volume would cause crowding of the peripheral iris into the iris root and narrowing of the
anterior chamber angle (ACA).

Thus, we considered three distinctive factors as possible contributors to the
narrowing of the angle during dilation:

(1) Posterior location of the dilator muscle.

(2) Dynamic pupillary block and trapping of AH in the posterior chamber.

(3) Exudation/imbibition of AH by the iris stroma observed as relative
incompressibility of the iris during dilation.

Each of these effects can be important, and their relative roles may vary among
individuals. Because all three effects occur in every patient, it would be difficult, if not
impossible, to study them in isolation via experiment. Computer simulation, in contrast,
can be used to eliminate one or more factors, allowing us to assess the role of each factor
independently and to quantify any positive or negative interaction among the various
effects. The goal of this work was to determine, via a computational model, how each of
the three factors listed above, in isolation as well as in conjunction with one or both other

factors, contributes to angle closure.
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4.3 Methodology

Our previous axisymmetric computational model of the anterior segment [38, 39,
48, 49, 61] was modified to simulate pupil dilation. The model domain representing the
anterior segment was divided into the AH and iris as shown in Figure 4-1. The governing
Equations of each component are presented in the following sections. As shown in Figure
4-1, the rest state of the iris was assumed to be planar with 3.0 mm pupil diameter.
Geometric and mechanical parameters used in model development were based on
published data (Table 4-1).

Anterior

Cornea

Trabecular meshwork

3.0 mm

Posterior

Figure 4-1. Axisymmetric model of the anterior segment showing the AH (light grey) and

iris (dark grey) as well as, the boundaries and dimensions of the model.
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Table 4-1 Geometric parameters and mechanical properties of the tissues in the model.

Parameter(average value ) Value ( and Reference)
Cornea radius of curvature 7.8 mm [5]
Iris thickness 0.34 mm [62]
Anterior chamber diameter 12.37 mm [63]
Anterior lens curvature 10.29 mm [64]
Lens diameter 9.0 mm [65]
Iris-zonule distance 0.69 mm [62]
Modules of elasticity of the iris 27 kPa [66]

The finite-element (FE) meshes were generated using GAMBIT (Fluent Inc.,
Lebanon, NH) via the paving technique. The Galerkin FE method was employed to solve
the mathematical equations, as described previously [49]. The pressure difference
between the posterior and anterior chambers, AP, AOD500, and apparent contact length
were calculated during simulated dilation. The apparent iris-lens contact was defined by
the distance over which the iris was within 500 pum from the lens. AOD500 was defined
as the perpendicular distance from the trabecular meshwork to the iris surface at a point

500 pum from iris root (Figure 4-1).

4.3.1 Model domains and equations

The two physical domains of the axisymmetric model were the AH and the iris.
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4.3.1.1 Iris

The iris was considered a neo-Hookean solid described by Cauchy momentum
equation

4-1

where is the Cauchy stress , which for a neo-Hookean material is defined by the

following equation:
— _— 4-2

where v is the Poisson’s ratio, G is the shear modulus, and is the identity matrix. The

deformation gradient is defined by
_ 4-3

4-4
with x being the current position of a material point, X being its rest position. The
gradient and divergence operators were with respect to current coordinates.

In Equation 4-2, the iris is modeled as a passive tissue. However, the activation of the
two constituent muscles of the iris could affect the biomechanical parameters of the iris
and AH flow. The iris consists of three main components: the stroma, sphincter iridis
muscle, and dilator pupillae muscle. The stroma is a collagenous connective tissue whose
loose nature allows AH exudation/imbibition during dilation and contraction. The
activation of the two constituent muscles of the iris, the sphincter iridis and the dilator

pupillae, controls the iris motion. Fibers of the dilator pupillae are aligned radially on the
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posterior iris surface and the sphincter muscle is located circumferentially near pupillary

margin.

4.3.1.2 Dilator (simulation dilation)

Human pupil diameter can vary between 1.0 mm at maximum constriction and 9.0
mm maximum dilation, respectively [12]. In this study we are simulating dilation. Since
the exact contribution of the individual muscles to dilation is not clear, a simplified iris
was modeled with two components: an active component i.e. dilator and a passive
component i.e. stroma. The dilator was localized on the posterior surface of the iris and
the stroma was created on the anterior side of the iris. Pupil dilation over time (Figure 4-
2) was simulated by imposing an additional stress on top of the neo-Hookean stress along

the dilator in the radial direction as defined by the following equations:

4-5
4-6
where and represent the stress of the dilator and stroma, respectively and
were replaced in Cauchy momentum equation (Equation 4-1). is the unit vector

representing the direction of non-deformed dilator muscle (i.e. radial direction), and the
symbol  represents dyadic product. is a scalar stress acting on dilator muscle in
radial direction to dilate the iris. Although added one degree of freedom to the
model, the magnitude of determined in such way that variation of pupil diameter

over time was similar to the reported clinical studies [67]. Based on Crawford’s work,
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pupil diameters changed from 3.0 mm to 5.4 mm during 10 seconds. The rest state of the

iris was assumed to be planer with 3.0 mm pupil diameter.
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Figure 4-2 Pupil diameter vs. time during dark adaptation. In dilation simulations, the
variation of pupil diameter over time was consistent with published clinical data. [67,

68]

4.3.1.3 Aqueous humor

The AH was modeled as an incompressible Newtonian fluid described by the full

Navier-Stokes equations for the momentum and continuity equations:
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4-7
— 4-8

4-9
where is velocity, is stress tensor, is pressure, is density, is viscosity, and is
identity matrix. AH has a density, , of 1000 kg m™ [69] and a viscosity, ,of 7.5 10

kgm™stat37°C

4.3.1.4 Aqueous humor: pseudo-solid domain

In order to determine the displacement of the fluid domain, a pseudo-solid method
was used [70]. In this method, the fluid mesh was represented as a linear elastic solid
using the following governing equations:

4-10

4-11
where and are Lamé coefficients. The displacement from the rest position, , and the
Eulerian strain tensor, , are defined by:

4-12
— 4-13

Divergence and the gradient are with respect to the current coordinates.
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4.3.2 Boundary conditions

The boundary conditions of the governing equations of the system are discussed

in the following sections.

4.3.2.1 Corneal Axis

The eye is assumed to be symmetric about the axis perpendicular to the lens
(corneal axis). The boundary condition on the corneal axis is imposed so that the velocity
normal to the axis of symmetry, , and the derivative of the axial velocity, , with
respect to the radial direction are zero.

4-14

—_ 4-15

4.3.2.2 Lens

The lens is modeled as a rigid solid surface, and the no-slip condition dictates that

the velocity of the AH be zero.
4-16
The lens capsule is quite stiff (E = 20 MPa [71]) and the position and contour of
the lens are generally controlled actively, so we treat the lens as uninfluenced by AH
dynamics and prescribe its position and movement, depending in the nature of problem

[see chapter 5].
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4.3.2.3 Vitreous

The vitreous surface was also treated as a fixed rigid boundary in the pseudo-solid
domain. Therefore, the no-slip condition dictates that the velocity of the AH be zero:
4-17
Moreover, a free normal traction condition of the vitreous surface was implied.
Since the rate of AH flow inflow and outflow was constant, vitreous inflow/outflow
would make up for any changes in the domain volume:

4-18

4.3.2.4 Cornea

The cornea was modeled as a rigid boundary in the pseudo-solid domain. Also,
the no-slip boundary condition was imposed on the corneal surface:
4-19

4-20

4.3.2.5 Trabecular meshwork and Ciliary body

Similar to the cornea, the trabecular meshwork and the ciliary body were modeled

as rigid surfaces in the pseudo-solid domain:
4-21
The AH flow is secreted from the ciliary body and mostly exits through the

trabecular meshwork. The rate of AH secretion is largely independent of 10P [72] and is
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about [73-75]. For the inflow (ciliary body) and the outflow (the trabecular

meshwork), a parabolic velocity strongly was imposed to satisfy the following equation

4-22

4.3.2.6 Iris-aqueous interface

On the iris-aqueous interface, the velocity of the iris and the AH were required to
be equal in order to satisfy the no-slip boundary condition. Shear stress generated by AH
flow deformed the interface of the iris-AH. The displacement of the iris was calculated
by setting the viscous traction in the fluid equal to the elastic traction exerted by the iris
at the iris-AH interface Therefore, the traction in the fluid was set equal to the traction on
the solid surface:

4-23
The aqueous velocity on the iris-aqueous interface surface was enforced strongly to be

equal to the velocity of the iris at the boundary.

— 4-24

Based on clinical obstructions, the iris volume may decrease during dilation as
extracellular fluid moves out from the iris, particularly the stroma section. This
hypothesis was examined by modeling the iris as compressible material, e.g. v = 0.3
(Equation 4-2). The extracellular fluid probably moves out mostly from the anterior side
of the iris (the stroma) into the anterior chamber. The volumetric flow rate was modeled

as change of the iris volume at the two consequent time steps.
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4-25

The volumetric flow rate, , can also be calculated via the following
equations:

4-26

4-27

where is a unit vector normal to the iris surface at the each node along

the iris-aqueous interface and and are area and volume element, respectively.
Using the implicit Euler method, the temporal derivatives were approximated by a first-
order difference between the values of function at the two consequent time steps, the iris

velocity, , was defined by the following equation

4-28

where “ ” and “ 7 are the nodal and temporal indices, respectively.

It is likely that the fluid exudates into the anterior chamber from the anterior

surface of the iris. Therefore, the average extracellular fluid velocity, , 1S
defined by:

4-29
where is the area of upper surface of the iris (Figure 4-3). The

average extracellular fluid velocity was applied at the iris-aqueous interface. Since the
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curvature of the iris is dependent on time during the pupil dilation, under the assumption
that the velocity moves out from the iris uniformly, the aqueous velocity (Equation 4-24)

was modified to

— 4-30

Aqueous humor (AH)

iris-aqueous interface

Vextracellular fluid

Upper surfac:e of iris-AH interface

Figure 4-3 The extracellular fluid was added to the iris-aqueous interface to account for

iris volume change during dilation.

4.3.3 Contact between Iris and Other Tissue

The iris thickness, particularly near of its root, increases as the dilation

progresses. As the iris bows more anteriorly during dilation, the iris root region nearly
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comes into contact with the trabecular meshwork (TM). Similar behavior occurs at the
pupillary margin as the iris tip approaches the anterior lens surface [48]. Actual contact
between two smooth surfaces is theatrically impossible due to lubricating AH flow at the
contact region. In the numerical procedure, however, the overlap of the two surfaces can
occur and lead to failure of the simulation. In order to prevent iris-TM and iris-lens
overlap, artificial stresses were introduced on the iris nodes to enforce a no-contact zone
between the iris and lens (or TM) [48]

— 4-31
with  being the vector normal to the lens or TM surface at the nearest point to the
surface, A and being adjustable coefficients, and being the minimum distance from
the iris to the lens or TM. The coefficient corresponded to how far the no-contact zone
extended into the AH, and the coefficient A corresponded to how strongly the no-contact
zone was enforced. The effect of the contact-prevention force between the lens and iris
on apparent contact was examined previously [48]. Based on Heys’ work [48], the values
of and Aens Used in all +PB studies were 0.4 pm and 5 10 Pa, respectively, to
prevent overlap between the iris and the lens. -PB was modeled by applying a higher
artificial stress on the iris normal to the lens by using = 4.0 um in Equation 4-31.

The contact-prevention force depends on the distance along the iris over which
the force is applied. Figure 4-4 shows the effect of that distance on AOD500. As shown
in Figure 4-4, if the contact-prevention force was applied over a longer distance, it had a

significant impact on the active iris displacement, and AOD500. In all simulations,
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and Aty were set in such way that they had the minimal effect on the outcome. Based on
the data in Figure 4-4, the maximum values of and Aty used in all studies were 16

pumand5 10" Pa, respectively.
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Figure 4-4 The effect of the contact-prevention force between the TM and iris on

AOD500. A significant impact on the active iris displacement was observed, when the

contact-prevention forces were applied over a longer distance.
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4.3.4 Aqueous (fluid) domain remeshing

A major computational challenge was remeshing the FE domain as the pupil
diameter increased. As the iris dilated, elements along the iris-lens gap distorted. In order
to minimize this distortion, the FE nodes were allowed to slide along the lens. The sliding
method of nodes on lens surface following the iris node was explained in detail in Dr.
Rouzbeh Amini’s dissertation [76]. However, as the pupil diameter continued to increase,
much larger deformations arose, particularly near the pupil margin, that led to divergence
of the solution. In order to maintain convergence of the solution and prevent extreme
element distortion, the simulation was stopped at a certain time where the solution was
acceptable, and the domain was remeshed. It was sufficient to remesh only the fluid
domain. The iris-aqueous interface velocity field was imposed on the new AH mesh and
the steady state for the new AH domain was determined assuming the iris domain was
fixed and the velocity field for all the nodes of the new AH mesh were obtained. The iris
solution from the stop point and the new steady state solution for the new AH domain
were then used to simulate the continued of dilation and the subsequent increase in the
pupil diameter.

The deformation gradient should be always with x being the current position of a
material point, and X being its rest position. However, for simplicity, we used the chain

rule of differentiation:

— — 4-32
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with x being the current position of a material point, X being its rest position, and

being the position of a material point at stop point (Figure 4-5).

F = F.F. = OX 5X.smpped
= EF, =
§xsmpped X
X...rest position Xy, Stopped position X...current position

/A

Ox OX

F1 _ stopped F2 =
oX &.Sfapped

Figure 4-5. Motion of a body with respect to two different reference configurations.
4.3.5 Study design and implementation
Study Design and Implementation

In order to investigate the effects of three factors - dilator thickness, dynamic
pupillary block, and iris compressibility - on the iris contour and AOD500 changes

during dilation, a full factorial study was undertaken changing three parameters:
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(2) Posterior location of the dilator muscle by modeling Thin vs. Thick

dilator region

Two cases were considered. For the THIN dilator case, the dilator was modeled as
a 4 um thick layer along the posterior iris. For the THICK dilator case, the dilator

occupied the entire iris thickness.

(2) Pupillary Block vs. no Pupillary Block

+PB arises naturally from the fluid-structure interaction model. -PB was modeled
by applying an artificial force acting on iris nodes in the direction normal to the lenticular

surface at the iris-lens gap (See section 4.3.3).

3) Incompressible vs. Compressible iris

For the COMPRESSIBLE iris case, the iris was modeled as a compressible neo-
Hookean solid with Poisson’s ratio v = 0.3, for the INCOMPRESSIBLE iris case, the iris
was modeled as a nearly incompressible neo-Hookean solid with Poisson’s ratio v = 0.49.
In the compressible iris model, aqueous was assumed to flow out of the shrinking iris at a
rate that preserved total anterior segment volume.

A total of eight simulations were performed to investigate the role of each factor
independently and to quantify interaction among these three effects. In all simulations,

the pupil diameter changed from 3.0 mm to 5.4 mm during 10 seconds (Figure 4-2).
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4.4 Results

We begin by comparing briefly the anatomically realistic (THIN) dilator with the
unrealistic THICK dilator. The THIN case produced a threefold to ninefold increase in
iris curvature, depending on the other factors, whereas the THICK case produced at most
a 70% increase in iris curvature, a result consistent with our previous finding [50] that the
THIN dilator drives curvature of the iris during dilation. Perhaps more importantly,
Figure 4-6 shows that the THICK dilator caused the iris to dilate in a pupil-blocking
manner, so the elimination of pupillary block had no effect (+PB and -PB cases nearly
identical in Figure 4-6a, 4.65b). Incompressibility of the iris led to a decrease in AOD500
for the THICK dilator case (Figure 4-6¢, 4.6d), but because the result is much more
pronounced in the THIN case, and the THIN case represents the correct anatomy, we

present results only for the THIN case for the remainder of this section.
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Figure 4-6 Mechanical response for two THICK cases: (a) COMPRESSIBLE and (b)

INCOMPRESSIBLE iris in the presence of pupillary block. (c) % decrease of AOD500 and

(d) pressure difference between the posterior and anterior chamber.

Figure 4-7 shows the iris contour for each of the four THIN cases (+/-PB,

INCOMPRESSIBLE vs. COMPRESSIBLE). Two effects are clear. First, the presence of

pupillary block causes the iris to bow forward more, narrowing the angle. Second, the

incompressible iris bulges at the iris root as the dilator muscle contracts radially, pushing

the iris stroma into the angle. The combination of the two effects is seen in the lower-left

panel of Figure 4-7.
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Figure 4-7 Changes in the iris profile and ACA for four THIN cases.

The results of Figure 4-7 are further quantified and analyzed in Figure 4-8.
Examining the details of the iris contour (Figure 4-8a), it can be seen that the pupillary-
block effect drives curvature of the iris, and that this effect is more pronounced in the
case of a compressible iris. The curvature seen in the —PB cases is attributed to the thin
iris since there is no significant pressure difference across the iris. The amount of iris-lens
contact (Figure 4-8b, only the +PB case was considered since iris-lens contact was
artificially eliminated in the —PB case) decreased slightly in the incompressible case.
AODS500 decreased more (Figure 4-8c) in the presence of pupillary block and for the

incompressible rather than the compressible iris. The combined effect of THIN dilator,
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+PB, and INCOMPRESSIBLE was a 36% decrease in AOD500. Finally, the anterior
bowing is explained by the substantial increase in posterior-anterior pressure drop in the

+PB cases (Figure 4-8d).
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Figure 4-8 THIN cases. (a) % increase of iris curvature, (b) % decrease of iris-lens contact,
(c) % decrease of AOD500, and (d) pressure difference between the posterior and

anterior chamber.
Among all the cases, the least decrease in AOD500 and the pressure difference

between posterior and anterior chambers, AP = Pposterior - Panterior » Obtained in the case of

THIN dilator, -PB, and COMPRESSIBLE iris. All of the other choices (THICK,
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INCOMPRESSIBLE and +PB, either singly or in combination) lead to greater decrease
in AOD500, that is more severe angle closure.

In the COMPRESSIBLE case, the iris lost approximately 9% of its volume during
the course of dilation. In the INCOMPRESSIBLE case, the volume loss was less than 1%

(for a truly incompressible material, there would be no volume loss).

4.5 Discussion

As summarized in Table 4-2, computational models of the anterior segment have
been developed previously to study phenomena such as miosis, blinking, reverse
pupillary block, etc. To our knowledge, the present study was the first theoretical study to
examine the idea of dynamic pupillary block during dilation and the role of iris

incompressibility in angle closure.
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Table 4-2 Comparison of the theoretical models of the anterior segment.

Investigator

Methods

Aqueous

Iris

Other information

Humor
(Incompressible)
. . . Mechanics of the healthy eye, iris
Heys et al. 2001 | Transient Linear elastic, ) I. T i v ey I I
. constriction” blinking, and iris
[38] Stokes flow Passive , .
bombé were studied.
Accommodation in healthy eye
Heys and Barocas | Transient Linear elastic, | and pigmentary glaucoma was
2002 [48] Stokes flow Passive studied. The lens was considered
as a moving rigid boundary.
Pupil constriction in the health
Huang and | Steady-state . . up! et ! . i
. Nonlinear elastic, | eye and PCGA eye along with the
Barocas 2004 | Navier-Stokes . . .
Active PCGA anatomical risk factors were
[39] flow .
studied.
. The accommodative micro
Huang and | Transient . . . .
. Nonlinear elastic, | fluctuations were studied. The lens
Barocas 2006 | Navier-Stokes . . . ..
Passive was considered as a moving rigid
[77] flow
boundary.
Corneoscleral indentation was
Amini and | Transient Nonlinear elastic modeled to study reverse pupillary
Barocas 2010 | Navier-Stokes . " | block mechanism. The indentation
Passive . .
[49] flow was modeled by posterior rotation

of the iris root

Amini et al. 2012
[50]

Excluded

Nonlinear elastic

Anterior bending of the iris during
dilation was studied

The changes in iris configuration and ACA associated with change in pupil

diameter have been examined in several clinical studies [23, 53] Concavity, shortening,

and thickening of the iris [22] and consequently narrowing anterior chamber [78] during

dilation suggest that dilation plays an important role in angle closure pathogenesis. More

recently, dynamic changes and anatomical factors related to the iris have received more
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attention. The purpose of this study was to create a mathematical model to simulate the
dynamic motion of the iris and ACA associated with change in pupil diameter.
Specifically, we studied the effects of three anatomical factors — (1) the posterior location
of the dilator, (2) dynamic pupillary block during dilation, and (3) iris relative
compressibility.

All eight case studies showed that AOD500 decreased significantly during
dilation, a result consistent with several clinical observations [43, 78]. Leung et al. [78]
showed that the changes of AOD500 were significantly higher in eyes with narrow angles
than in those with open-angle in response to dark-light changes. Quigley et al. [16] and
See et al. [45] showed that the iris loses water volume in normal individuals during
dilation but less volume in ACG patients, suggesting a relative incompressibility for
ACG patients. Our results showed that the models with a compressible iris lost 9% of
their volumes as pupil diameter changed from 3.0 mm to 5.4 mm during 10 seconds and
had less change in AOD500 compared to models with incompressibility of the iris. The
9% volume change is smaller than the ~15% volume change determined via OCT by
Aptel et al. [44] but was deemed sufficient to compare to the incompressible case.
Finally, to provide a more clear presentation of the results, only the simulation
predictions for v = 0.3 and v = 0.49 (explicitly referred as compressible and
incompressible cases) have been included in this paper. Our studies of the intermediate
values (results not presented) showed a smooth transition in AOD500 from v = 0.3 to

0.49.
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When the entire thickness of the iris was simulated as the active tissue, the
anterior bowing of the iris during dilation was insignificant. In the case of -PB, the
presence of artificial force on the iris, prevented anterior bending of the iris and caused a
slight angle-closing artifact. In the cases with a THICK dilator, less change in iris
curvature and consequently less decrease in AOD500 were seen. A thin dilator on the
posterior surface of the iris caused more bending of the iris and more decrease in
AODS500, suggesting the importance of the anatomy of dilator during dilation. Amini et
al. [50] also examined iris configuration changes during dilation in the absence of AH
and showed a thin layer dilator on the posterior surface of the iris resulted in more
anterior bowing of the iris. In the cases with a THIN dilator, the pupillary-block effect
drives curvature of the iris whereas the compressibility effect drives the narrowing of

AOD500.
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Chapter 5 Interaction of Different Ocular Events

Affects Iris Contour

5.1 Summary

In this study, we examined changes in iris configuration and anterior chamber
angle during and after blinking, accommodation, and constriction using a mathematical
model of the anterior segment. Geometric and mechanical parameters for the model were
based on published data. Blinking was modeled by posteriorly rotating the iris root for 80
ms and returning it to original position in 200 ms every three seconds. Accommodation
was modeled by moving the boundary of the lens surface anteriorly to change the anterior
chamber depth by 0.2 mm. Pupil constriction was modeled by imposing a circumferential
stress in the sphincter to reduce pupil diameter. The iris was modeled as a compressible
or an incompressible neo-Hookean material to investigate the effect of relative
compressibility of the tissue on the results. Accommodation and constriction were
performed simultaneously after 10 s of blinking. Iris curvature and iris-lens contact were
calculated. Before blinking, the iris was bowed slightly toward the posterior, and the
pressure in the posterior chamber was slightly higher than that in the anterior chambers
for both compressible and incompressible models. After blinking, there was little small
change in iris curvature and iris-lens contact. As accommodation and pupil constriction
constriction began, the pressure was elevated in the anterior chamber (reverse pupillary

block), causing more pronounced posterior bowing of the iris. Immediately after
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accommodation and constriction, iris-lens contact length and AODS500 increased by
approximately 10 % and 23% (average values), respectively while the pressure drop
across the iris decreased to AP = -35.0 Pa. Long after accommodation and constriction
(300 s), the pressure in the posterior chamber again became higher than anterior chamber
for both models (AP = +26.4 Pa). However, obtaining the same results in cases of
simulating accommodation and constriction simultaneously and simulating
accommodation and constriction sequentially indicates that the interaction between and
accommodation and constriction is not synergistic. Clinical studies have shown that
accommodation leads to posterior bowing of the iris, particularly in PDS patients who
have flaccid and smaller iris. The combination of pupil constriction and accommodation
produced significant posterior bowing of the iris. The effect was more pronounced when
the iris was incompressible; suggesting that changes in iris volume could play a role in

PDS [24] similar to that seen in angle closure [16].

5.2 Introduction

Accommodation is the process by which the focusing power of the eye is
increased for seeing at near by changing the curvature of the lens. Pavlin et al. [47, 79]
proposed the idea of posterior bowing of the iris as the lens moves during
accommodation. Heys and Barocas [48] developed a detailed computational model of the
anterior segment and examined the hydrodynamic effects of accommodation on the iris

curvature. Consistent with UBM measurements [80], Heys and Barocas’s model
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predicted that the curvature of the iris becomes more concave as a result of

Sphincter K.,
IRIS ' >

accommodation.

Figure 5-1 Schematic cartoon of pupil-blocking force that holds the iris tip near the lens

Following Heys et al.’s work, Huang and Barocas [39] extended the model to
investigate active iris deformation. By imposing an additional circumferential normal
stress representing the contraction of the sphincter iridis and altering the linear elastic iris
to a nearly incompressible neo-Hookean solid, their model was able to confirm
Mapstone’s pupillary block theory. Mapstone [57] proposed that the pupil-blocking force
(Fpg) is the sum of active force in the sphincter iridis (Fspn) and passive force acting on
the iris root (Fr). The pupil-blocking force holds the iris tip close to the anterior lens
surface regardless of the pressure between posterior and anterior chamber (Figure 5-1).

The near triad, occurring when the objects are close to the eyes, is defined as
simultaneous accommodation, pupil constriction, and convergence. We consider that that
convergence is a very minor effect because the whole globe moves as the eyes rotate
inward and our current anterior segment model could be modified to simulate

simultaneous accommodation and pupil constriction. Pupil constriction and
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accommodation have been studied in separately computational models [39, 48, 77].
Nevertheless, none of them has fully captured the complex problem of fluid-structure
interaction between the aqueous humor (AH) and the iris, blinking, pupil constriction,
and motion of the lens during the accommodation in a single comprehensive model.
Simultaneous simulation of the two phenomena may determine if there is any synergistic
interaction between accommodation and constriction.

The goal of this work was to examine AH and iris mechanics during
accommodation and constriction. There are, however, different ways to combine
constriction with accommodation. The first alternative is to constrict the pupil prior to
accommodation. The second alternative is to introduce the lens movement and active iris
stress to the model simultaneously. These two cases were performed and the outcomes

were compared.

5.3 Methodology

In order to simulate the near triad with blinking, the following changes were

applied in the anterior segment model:

5.3.1 Accommodation

Accommodation was modeled by moving the boundary of the anterior lens
surface. Koretz et al. [81] described the anterior surface of the lens as a function of
distance from the corneal axis by a parabolic function:

5-1
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where and are radial and axial coordinates of the anterior lens surface. The parameters

and  are time-dependent and were calculated by assuming that there exists a position
at the lens periphery that remains fixed. Based on the fact that the human eye
accommodates principally by varying lens curvature and not position of the lens, this
assumption is acceptable. Based on measurements of Cook and Koretz, the fixed point
was set to be approximately 4 mm from the pupillary axis [82]. Under steady conditions,
the initial position of the lens was set such that the calculated anterior chamber depth was
approximately 3 mm, consistent with data for a normal eye [82, 83]. We assumed that

during full accommodation, the anterior chamber depth changed by 0.2 mm over 0.5 s.

5.3.2 Constriction

The sphincter, a circumferentially-aligned smooth muscle, is located within the
iris near the pupillary margin. The smooth muscle fibers are about 750-800 um in width
and 100-170 um in thickness for humans [4]. The sphincter shortens more on contraction
than other smooth muscles. In the model, the sphincter elements were localized in
pupillary margin as shown in Figure 5-2, and the rest of the iris was modeled as stroma

(passive) material.
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Stroma (passive)

Sphincter (active)

Figure 5-2 The Sphincter section localized within pupillary margin about 750 um in width
and 170 um in thickness.

The model incorporated active sphincter contraction by imposing an additional
circumferential normal stress on top of the neo-Hookean stress as defined by the
following equations:

5-2
5-3
where and represent the stress of the active (sphincter) and passive
(stroma), respectively and were used in Cauchy momentum equation (Equation 4-1).
is the normal unit vector representing in the circumferential direction ( ), the symbol
represents dyadic product, and is a scalar stress acting on sphincter muscle in

circumferential direction to constrict the iris.
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5.3.3  Blinking

5.3.3.1 Irisroot

Based on our pervious study [61],we simulated each blink as 80 ms of closing
during which the iris was rotated posteriorly, 200 ms opening during which the iris was
rotated back to the pre-blinking position, and a hold during which the iris maintained at
the pre-blinking configuration for 2720 ms to complete the three-second blink period [84,
85]. These steps were repeated over time to simulate blinking. Iris root rotation was
imposed as a Drichlet boundary condition. For this study, the iris root was rotated 2.5°

posteriorly during each blink.

5.3.3.2 Ciliary body

Similar to the iris root, ciliary body rotation was imposed as a Drichlet boundary
condition to the pseudo-solid domain on the ciliary boundary where a net inflow of 2.5

was strongly imposed to satisfy the following equation:

5.3.4  Study design and implementation

Four cases were considered to examine the effect of blinking, constriction, and
accommodation in a single computational model as well as the effects of compressibility

on changes of iris profile:
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SEQ-COMP (sequential-compressible) and SEQ-INC (sequential-

incompressible): accommodation occurred over 0.5 s during which anterior chamber

depth decreased 0.2 mm, followed by pupil constriction with = 20 kPa applied
during 0.5 s. The iris was modeled as a compressible (v = 0.3) and a nearly
incompressible (v = 0.49) material in SEQ-COMP and SEQ-INC, respectively.

SIMUL-COMP (simultaneous-compressible) and SIMUL-INC (simultaneous-

incompressible): accommodation and pupil constriction occurred simultaneously over 1.0

s during which anterior chamber depth decreased 0.2 mm (accommodation) and =
20 kPa was applied to the sphincter section (constriction). The iris was modeled as
compressible and nearly incompressible material in SIMUL-COMP and SIMUL-INC,
respectively.

In all four cases, at the beginning of each simulation, blinking was performed
during an initial 10 s period over which 3 blinks occurred. Figure 5-3 is a schematic
illustration of different cases. The changes in the apparent iris-lens contact, AOD500, iris
curvature, and pressure difference between posterior and anterior chamber, AP = Pposterior

- Panterior, Were calculated for each case.
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SEQ-COMP (sequential-compressible)

and |:> Blinking Accommodation Constriction
SEQ-INC (sequential-incompressible) | A )

time (t) = 0 seconds (s) t=10s t=105s t=11s

SIMUL-COMP (simultaneous-compressible) | |
and |:> Blinking Accommodation and Constriction
SIMUL-INC (simultaneous-incompressible)

Figure 5-3 Four different cases were simulated. In cases of SEQ-COMP and SEQ-INC,
accommodation and constriction were simulated simultaneously for compressible and
incompressible iris, respectively where in cases of SIMUL-COMP and SIMUL-INC,
accommodation simulation was followed by constriction for compressible and

incompressible iris, respectively.

5.4 Results

More detailed explanations about changes in the iris profile during simulated
blinking are presented in Appendix B. The results of the blinking portion of the
simulation are shown in Figure 5-4. When the iris root was rotated back to its original
position after blinking, small increases in AOD500 (Figure 5-4a) and apparent iris-lens
contact distance (Figure 5-4b) were predicted, indicating that the iris was close to the
lens. The iris concavity (Figure 5-4c) and AP (Figure 5-4d) decreased slightly in both

compressible and incompressible models.
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Figure 5-4 (a) % increase of iris curvature, (b) % decrease of iris-lens contact, (c) %
decrease of AOD500, and (d) pressure difference between the posterior and anterior
chamber after 3 blinks at t = 10 s for compressible and incompressible models.

The aqueous humor pressure distribution and iris profile for case of SEQ-COMP
(sequential-compressible) is shown in Figure 5-5. After three blinks (Figure 5-5a), the iris
is nearly linear with a slight pressure difference between the posterior and anterior
chambers (AP = +1.0 Pa), but after accommodation (Figure 5-5b), the iris concavity is
significantly increased because of reverse pupillary block (AP = -6.0 Pa). Constriction

caused a more pronounced change in AP= -35.0 Pa as well as greater iris curvature
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(Figure 5-5c). Finally, when the eye was allowed to stay accommodated and constricted
for 420 seconds (Figure 5-5d), pupillary block and steady secretion of aqueous into the

posterior chamber drove the iris away from the lens.

(a) (b)

(c) (d)

Figure 5-5 Iris profile and aqueous humor pressure distribution for case of SEQ-ICOMP
(a) after blinking (t = 10 s) (b) after accommodation and beginning of pupil constriction
(t=10.5 s) (c) after pupil constriction (t = 11.0 s) (d) long after accommodation and
constriction (t =420 s).

The aqueous humor pressure distribution and iris profile for case of SIMUL-INC

(simultaneous-incompressible) are shown in Figure 5-6. The combination of pupil
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constriction and accommodation produced significant posterior bowing of the iris

immediately after accommodation and constriction (Figure 5-6c).

(a) (b)

t=10.0s —I

(c) (d)

Figure 5-6 Iris profile and aqueous humor pressure distribution case of SIMUL-COMP (a)
after blinking (t = 10 s) (b) middle of accommodation and pupil constriction (t = 10.5 s)
(c) after pupil constriction and constriction (t =11.0 s) (d) long after accommodation and
constriction (t =420 s).

Figure 5-7 show the simulation results for all four cases att=10.5sandt=11s.
Both accommodation and constriction caused the iris to deform into a concave

configuration, indicated by negative iris curvatures (Figure 5-7a), and the ACA get wider

as measure by an increase in AOD500 (Figure 5-7b). During accommodation, however,
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the anterior movement of the lens caused the pressure in the anterior chamber to be
higher than the pressure in the posterior chamber (reverse pupillary block) as shown in
Figure 5-7c. There were significant increases in apparent contact during accommodation

and constriction for all cases (Figure 5-7d).
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Figure 5-7 (a) % increase of iris curvature, (b) % decrease of iris-lens contact, (c) %
decrease of AOD500, and (d) pressure difference between the posterior and anterior
chamber att=10.5sand t =11 s. Iris is modeled as compressible material in cases of
SEQ-COMP and SIMUL-COMP and as incompressible material in cases of SEQ-INC and

SIMUL- INC.
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At t = 10.5 s, which is the end of accommodation simulation, and at t = 11 s,
which is at the end of accommodation and pupil constriction, the iris bowed posteriorly
approximately 500% and 600% in SEQ-COMP and SEQ-INC (Figure 5-7d). These
results indicate that posterior bowing of the iris was affected more by accommodation
than by constriction. However, as shown in Figure 5-5c, the pressure difference between
posterior and anterior cambers was influenced by constriction.

Comparing the results of SIMUL-COMP and SIMUL-INC at t = 10.5 s (at the
middle of accommodation and constriction simultaneously simulations) and t = 11.0 s (at
the end of accommodation and constriction simultaneously simulations), we see that the
rate of change in calculated parameters were not linear. However, our results also
predicted that accommodation followed by pupil constriction (SEQ-COMP and SIMUL-
COMP) each during 0.5 s and accommodation and pupil constriction simultaneously
during 1.0 s (SEQ-INC and SIMUL-INC) were nearly the same. All of the calculated
parameters returned to their pre-blinking steady-state values over 420 s.

The effect of compressibility of the iris was more noticeable in changes of

AOD500 (Figure 5-7b) and AP (Figure 5-7c).

5.5 Discussion

Clinical studies have shown that accommodation leads to posterior bowing of the
iris, particularly in PDS patients who have a flaccid and/or smaller iris [47, 79]. Dorairaj
et al. [86], for instance, examined the iris profile immediately and long after

accommodation in normal subjects, ACG, and PDS patients. Using UBM imaging
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techniques, they were found that the largest drop in iris curvature and fastest recovery
from the initial posterior displacement after accommodation occurred in PDS patients
(probably due to a “reverse pupillary block” effect). The idea of reverse pupillary block is
applied to accommodation as well as constriction; the anterior motion of the central lens
pushes AH toward the peripheral posterior chamber, but the iris is pinned against the lens
and blocks the flow causing higher pressure in anterior chamber than in the posterior
chambers and resulting in an increase of iris-lens contact. In normal eyes, similar effects
were also caused by blinking or accommodation.

The posterior bowing of the iris in PDS patients can be reversed with prevention
of blinking, or pharmacologic miosis [87], and LPI [79, 87] but is increased with
accommodation [86]. Liu et al. [88] examined the changes of the iris contour of patients
with PDS after blinking, accommodation, and pharmacologic miosis (a drop of
pilocarpine 2%). They found that the concave shape of iris became planar with blinking
and only became posteriorly curved when accommodation was induced. Pupil
constriction caused by pilocarpine made the iris planar.

This computational study evaluated accommodation and constriction in a single
computational model to extend our understanding of the anatomical and dynamic iris
factors that predispose towards development of PDS. Our results predicted that the
combination of pupil constriction and accommodation produced significant posterior
bowing of the iris. However, obtaining the same results in cases of SEQ-COMP and

SIMUL-COMP (SEQ-INC and SIMUL-INC) indicates that the interaction between and
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accommodation and constriction is not synergistic. The effect was more pronounced
when the iris was incompressible; suggesting that changes in iris volume could play a

role in PDS [24] similar to that seen in angle closure [16].
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Chapter 6 Spatial Heterogeneity of Iris Elasticity

Measured by Indentation

6.1 Summary

The purpose of this study was to obtain the mechanical properties of individual
components of the iris-specifically, the dilator, sphincter, and stroma. Nanoindentation
experiments and histological mapping were performed in combination with a three-
dimensional finite element (FE) model. A total of 12 porcine irides were indented in three
different regions on the anterior and posterior surfaces and a load-displacement curve for
each experiment was obtained. Histological analysis of one sample was done to
determine the relative location of the three major constituent components during
indentation. Using ABAQUS (SIMULIA, Providence, RI), two FE models (compressible
and incompressible models) were created to simulate indentation. The sphincter and
dilator were treated as incompressible neo-Hookean solids in both models, while the
stroma was varied as a compressible (v = 0.3) and an incompressible neo-Hookean (v=
0.495) solid. Three linear combinations of elastic moduli were assigned to the sphincter,
the dilator, and the stroma and indentation simulations were performed similar to the
experiment indentation locations. Experimental force-displacement curves were
compared using an inverse method to calculate individual elastic modulus for the dilator,
sphincter, and stroma. In the incompressible model, using the linear region, the elastic

modulus of dilator, computed by the slope of the toe region (0-50 um on force-
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displacement curve), was 1.43 + 0.88 kPa (mean £ 95% CI, n = 4 iris simulations)
compared to 1.21 + 0.18 kPa for the stroma. Due to the location of the sphincter in the
iris, the sphincter was only targeted in one indentation region, therefore, the elastic
modulus was low and had high variance (0.33 = 0.60 kPa). We have successfully shown
that the specific components of the iris vary spatially, which can play an important role in
the natural contour of the iris. The simulation results, however, do not completely capture

the behavior of the iris since the poroelastic behavior, of the stroma was ignored.

6.2 Introduction

One of the determining factors in the deformation of the iris is the internal stresses
generated due to the passive and active components of the constituent tissue. Although
the mechanical model of iris-aqueous humor) (AH interaction can explore several
physiological ocular phenomena by capturing the fluid-structure interaction of the AH
flow and the iris, assessing the mechanical properties of the iris is also essential to
understand ocular diseases and creating accurate computational models.

In addition to certain types of glaucoma (such as ACG [18] and PDS [89, 90]),
IFIS [26] is directly related to the abnormal morphologies of the iris. Structural changes
including thinning of the iris as whole [28], especially the dilator muscle, have been
noted [14]. Prata et al. [28] found that patients using systemic -1 adrenergic receptor
antagonists have significantly thinner iris dilator muscle and smaller ratio of
dilator/sphincter thickness and smaller pupil diameter. Although no changes in

mechanical properties of dilator muscle (or iris) have reported directly, one may assume
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that atrophic anatomical changes in the dilator muscle may suggest changes in
mechanical properties of the iris. Therefore, characterizing the mechanical behavior of
the iris may help us to understand how the physiology and pathophysiology of the iris can
affect diseases of the eye. An evaluation of the composition of the iris, especially the
dilator muscle, can lead to a better understanding of how IFIS, ACG, and PCG may affect
the overall contour of the iris.

There have been a few studies quantifying the mechanical properties of the iris.
Heys and Barocas [66] measured the Young’s modulus of bovine iris by performing
extension tests in the radial and azimuthal direction. The average azimuthal Young's
modulus of the sphincter iridis was reported to be 340 kPa, where the azimuthal and
radial Young's modulus of the dilator pupillae was found to be 760 kPa and 27 kPa,
respectively. Similar to Heys and Barocas [66], Lei et al. [91] found that the azimuthal
elastic modulus (24.7 kPa) was larger than the radial modulus of 5.3 kPa. Whitcomb et al.
[92] examined pharmacological effects on the porcine iris stiffness to study the active
mechanics of the iris. The modulus of porcine samples was measured before and after
inducing mydriasis and miosis with drugs such as pilocarpine, phenylephrine, and
tropicamide. As discussed in Chapter 1, tropicamide produces short-acting mydriasis by
inhibiting the sphincter. Pilocarpine causes miosis not only by activating the sphincter but
also by inhibiting the dilator, and phenylephrine causes pupillary dilation by stimulating
the dilator muscle. Whitcomb et al. found that the modulus of the untreated iris using

uniaxial stretch was 2.97 + 1.3 kPa and 4.0 + 0.9 kPa for circumferential and radial
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stretch, respectively. An increase (at least 1.5 times) in Young’s modulus was reported
after the iris was stimulated by the drugs.

In another study, Whitcomb et al. [13] explored how the different components of
the iris contribute to the overall mechanical behavior using nanoindentation. Indentation
stress-relaxation experiments were performed on both posterior and anterior surfaces
using an indenter with a 1 mm cylindrical tip. The load-displacement curve for each
experiment was used to estimate effective instantaneous and equilibrium moduli for the
anterior and posterior surfaces of the tissue. Whitcomb et al. [13] found that the forces
measured when indenting the posterior surface were roughly twice those measured for the
corresponding indentation of the anterior surface. From these indentation tests,
instantaneous moduli of 6.0 = 0.6 kPa and 4.0 £ 0.5 kPa, and equilibrium moduli of 4.4 +
0.9 kPa and 2.3 + 0.3 kPa, were reported for posterior and anterior surface of the porcine
irides, respectively. The conclusion of this study was a significant asymmetric stiffness of
the iris under anterior vs. posterior indentation. Whitcomb et al. [13] also performed
histological analysis on the albino porcine iris to characterize the thickness of the stroma,
dilator, and sphincter. They found the average thickness of the dilator and sphincter to be
around 26 pum and 133 um, comparable to histological data analyses for human irides [4].
While the authors attributed the asymmetry to structural heterogeneity within the iris,
they were unable to distinguish differences among the specific constituent components of

the iris. More recently, Yoo et al. [93] also calculated the stiffness of different ocular
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tissues including the bovine irides using microindentation, and reported 4.86 kPa and

0.24 kPa for instantaneous and equilibrium modulus of the bovine irides, respectively.

Table 6-1 the experimental studies conducted on the iris.

Investigator Species Methods Conclusion
Pupil diameter changes were linear.
Lowenfeld et al Human In Vivo Limited changes in sphincter & dilator
1971 [94] pupil analysis regions occurred when either muscle
was activated.
Ex Vivo Sphincter activation resulted in 27.5
Tabandeh et al. . . . L
1995 [95] Human relative active force | mN force and dilator activation
tests resulted 23.3 mN
Radial and Dilator: Radial modulus was 27 kPa
Heys et al. 1999 Bovine Azimuthal and azimuthal modulus was 760 kPa
[66] extension Sphincter: Azimuthal modulus was 340
experiments kPa
Yamaji et al. 2003 . Ex Vivo . Maximum force for sphin.cter and .
[96] Rabbit Iength.—tens.lon d!lator corresponds to min/max pupil
relationship diameter
Lei et al. 2007 Porcine Ex Vivo pupil Radial modulus was 5.3 kPa &
[91] analysis azimuthal modulus was 24.7 kPa
Radial modulus: passive modulus was
Whitcomb et al. . Passive and Active | 4.0 kPa and active was 7.7 kPa
Porcine .
2009 [92] mechanics Azimuthal modulus: passive modulus
was 3.0 kPa and active was 5.3 kPa
Instantaneous modulus: modulus was
6.0 kPa (posterior surface) and 4.0 kPa
Whitcomb et al. Porcine Nanoindentation (anterior surface)
2011 [13] Equilibrium modulus: modulus was 4.4
kPa (posterior surface) and 2.3 kPa
(anterior surface)
Yoo et al. 2011 . . . Instantaneous modulus was 4.86 kPa
Bovine Nanoindentation

[93]

and equilibrium modulus was 0.24 kPa
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Table 6-1 summarizes the experimental studies conducted to characterize the
mechanical properties of the iris. These experimental studies quantified the mechanical
properties of the iris and addressed to various degrees the nonlinear and viscoelastic
behavior of the iris, but, no research has been done to determine the relative contributions
of the composing segments in a realistic model of the iris. The goal of this study was to
explore the effect of the varying mechanics throughout the iris tissue and to determine the
contribution to the overall mechanical behavior from three distinct structures of the iris:
the stroma, the sphincter iridis, and the dilator pupillae. We combined nanoindentation,
applied in different locations on the two surfaces of the iris, with an anatomically-based
FE model to determine the properties of main components of the iris. Nanoindentation
was used because this technique can measure local material properties in small, thin, and
heterogeneous samples, making it suitable for extracting the individual properties of the
iris components due to its small probe size [97, 98]. Furthermore, nanoindentation is far
more sensitive to the tissue properties near the indenter than to those far from the indenter

[99].

6.3 Methodology

6.3.1 Nanoindentation experiment

The iris was segmented into three regions - iris root (IR), mid-periphery (MP),
and pupillary margin (PM) - as shown in Figure 6-1. The PM region contained primarily

the stroma and sphincter on the anterior and posterior surfaces, respectively. The MP
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contained all three components, and the IR region contained the stroma and dilator on the
anterior and posterior surfaces, respectively. Intact porcine irides were cut into two equal
C-shaped halves and pinned to the aluminum stage of nanoindentation device. A
nanoindentation test of the porcine iris was performed to assess the relative stiffness of
these regions on the anterior and posterior surfaces. Indentation tests were performed
using a Nanoindenter XP (MTS Inc., Eden Prairie, MN) with 0.02 mN and 30 nm load

and displacement resolutions, respectively.

Dilator Pupillae || Sphincter Iridis |

Figure 6-1 Iris was divided into three regions: IR, MP, and PM. The IR region includes the
stroma and dilator. The MP region contains all three components, whereas the PM
region includes mostly the sphincter and stroma.

Each sample was indented with a 1mm diameter non-porous flat-ended cylindrical
indenter tip. The indentation protocol was a two-step 2.0 mN/s ramp with a hold at fixed
displacement for 400 s between steps. The instantaneous modulus ( ) was calculated
from the slope of the load-depth curve during rapid indentation (between 0.5-1.0 mN on
the first ramp) whereas viscoelastic parameters of the tissues were obtained from stress
relaxation during the 400 s hold. The equilibrium modulus () were obtained from the
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slope of the load-depth curve during rapid indentation and using the data point at the end

the of 400 second holds, respectively (Figure 6-2).
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Figure 6-2 Representation of the calculation used to determine the effective

instantaneous () and equilibrium () moduli for the iris.

Chiravarambath et al. [100] proposed that the modulus , for linear elastic

materials indented by at flat-cylindrical tip can be defined by

where is the indentation force, v is the Poisson's ratio of the material, and - s

a correction factor where is a function of the sample thickness, , and radius of
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cylindrical tip, , [101]. The iris was assumed to be nearly incompressible (v = 0.495)
[66].
A relaxation function of the shear modulus with time, , was calculated from

the instantaneous modulus,
- 6-2

The continuous relaxation spectrum (above equation) can be replaced by a series
of discrete relaxation functions. By assuming the iris as isotropic material, Suh et al.
[102]showed that this continuous model is comparable to a three-exponential Prony

series:

6-3

and are the viscoelastic constants, and  represents the equilibrium shear modulus

obtained by assuming that the equilibrium was achieved at the end of the hold period

[102]. The viscoelastic parameters of the tissue were found by fitting shear modulus-time

data to Equation 6-3.  was assumed to be different from because a sharp drop

in force was seen in the relaxation data [100]. The intermediate relaxation rate  was
defined as

o 6-4

The differences between the mechanical responses of the anterior and posterior

iris surfaces as well as different regions (i.e. IR, MP, and PM) were quantified using

student t-tests for paired data with equal variance. Two-way ANOVA was used for
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varying tissue characteristics. Statistical analysis was performed using Origin software

(OriginLab, Northampton, MA).

6.3.2 Finite element model

Indentation of a 3D detailed structure of the iris was simulated using ABAQUS
(SIMULIA, Providence, RI), similar to the indentation experimental tests. The indenter
tip was modeled as a rigid body, flat-ended cylinder with a 1 mm diameter. The iris
contour and its components were generated based on a histological image (Figure 6-1).
The dilator and sphincter muscles were modeled with an average thickness of 80 and 300
pum, respectively whereas the thickness of the iris was 1100 um at the iris root and 600
pum at the pupillary margin. The iris was modeled as a tridomain material consisting of
three homogenous isotropic Neo-Hookean sections. The neo-Hookean material in

ABAQUS is expressed in terms of and  as defined as:

— 6-6

where  and are the initial shear modulus and bulk modulus. Equations 6-5 and 6-6 can be

rewritten as

6-7
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The values determine the compressibility of the material; for a fully
incompressible material, = 0. However, in this study we considered two cases: (1) a
nearly incompressible stroma with v = 0.495 and (2) a compressible stroma v = 0.3 to
represent a healthy and ACG, respectively.

200,000 to 400,000 C3D8R elements were used for the iris domain, with finer
elements employed near the contact region where high stress concentration was expected.
Contact between the indenter (master) and the iris (slave) was assumed to be frictionless,
and the nodes on iris surface (the slave) could not penetrate the segments that make up
the indenter surface (the master). The boundary condition for the iris was specified by
fixing the bottom surface of the iris (U=U,=U,=0.0). The cylindrical indenter was
allowed to move only in the vertical direction (Ux=U,=0.0). Indentation in each of the
three regions (IR, MP, and PM) on the posterior and the anterior surface of the iris was
simulated (Figure 6-3). The 3D iris model was indented approximately 100-200 um,

close to the experimental indentation depth.
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Figure 6-3 A 3D model of the iris with three main components (the dilator, sphincter and
stroma). Indenter tip model as a 1 mm cylindrical rigid body. The mid-periphery region

on the posterior surface is shown to be indented in this figure.

6.3.3 The inverse method principle

It has been established [103] that indentation of multilayered structures yields
different results depending on the arrangement of the layers. We extended the recent
method of Azeloglu et al. [104] to correlate a relationship between the elasticity of the
iris and the relative contributions of each component. The goal was to quantify the
mechanical properties of the iris components through comparisons between the
experiments and FE model results. The applied force, , depends on the elastic
modulus, , of each material (i.e. dilator, sphincter, and stroma) with a weighting

factor,

6-9
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The function is a relative weighting factor corresponding to indentation depth and
the tissue geometry. For example, when the anterior surface of iris is indented in the IR
region where only the stroma and dilator are located, the sphincter does not contribute in
the applied force. Therefore, the weighting factors corresponded to the sphincter for all
indentation displacement is zero ( =0).

Three linear combinations for elastic modulus of the iris components were
assigned to ABAQUS model (Table 6-2), and indentation simulations were performed on

three regions on both the posterior and anterior surfaces.

Table 6-2 Three linear combinations for elastic modulus of the iris components.

( matrix in Equation 6-10)

1 1 1
1 1 2
1 2 1

A total of 18 simulations were performed. For the simulation tests, Equation 6-9

was re-written as
6-10
where A is a 3 by 3 matrix and defined by the 3 linear combinations of elastic moduli in

Table 6-2. Using applied force-displacement curves calculated from all the simulation
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results and the A matrix, the weighting factors matrix, , was calculated in Equation 6-

10. For the experimental tests, Equation 6-9 was re-written as

6-11

For each iris sample, contained the six sets of applied force-displacement

data points ( ) recorded from the Nanoindenter, and was a 3 by 1
vector of elastic modulus for dilator, sphincter, and the stroma, and (known after

solving Equation 6-10) was an by 3 matrix representing the weighting factor values for
all data points,

To calculate the elastic modulus vector, , weighting factors calculated from
simulations, , and the experimental force results were applied to Equation 6-11. A

95% confidence interval (CI) for the modulus of each component of the iris was

evaluated:

- 6-12
where = dilator, sphincter, and stroma, was the t-value for a sample with
degree of freedom ( ). and were the number of equations and
unknowns, for a 95% confidence interval ( ), and can be obtained by

6-13
where is a vector of simulation forces for all the indentation depth. The residual

vector, , and the sum of squares of the residuals, , are:
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6-14

6-15

6.4 Results

6.4.1 Nanoindentation experiment

A total of 12 porcine irides (6 pairs) were used for analysis. Figure 6-4 shows a
typical force-displacement curve during rapid indentation. The instantaneous moduli for
each region and both surfaces () were calculated using Equation 6-1 from the slope of
the load-depth curve during rapid indentation between the applied loads of 0.5 mN to 1.5

mN.
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Figure 6-5 Instantaneous modulus of porcine irides for different regions (n=12).
Posterior surface of the iris is significantly stiffer than the anterior surface, particularly
for the pupillary margin (PM) and iris root (IR). The error bars represent 95% Cl and a *

indicates a p-value < 0.05.

A quantification of the instantaneous modulus of the porcine iris is presented in
Figure 6-5.There was no significant difference between the instantaneous modulus of the
anterior and posterior surface in the PM region. However, the instantaneous modulus was
higher for the posterior surface compared to the anterior surface in the IR and MP regions
(p < 0.05), consistent with Whitcomb et al.[13], the posterior surface of the porcine iris
was stiffer in contrast to the anterior surface.

A typical stress-relaxation curve for the porcine iris is shown in Figure 6-6.

Normalized shear modulus-time curve and viscoelastic parameters were generated fitting

Equation 6-3 to the experimental relaxation data.
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Figure 6-6 Stress Relaxation curve fitting using Prony series
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Figure 6-7 viscoelastic time constants (a) Rapid short term response. (b) Slower long

term response. The error bars represent 95% Cl and a * indicates a p-value < 0.05.
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The anterior surface indentation showed a shorter relaxation time constant t;

(rapid short time constant) compared to the posterior surface. The only region that had a

significant difference between the surfaces was the MP region where anterior was 2.28 +

0.29 s and 3.31 + 0.21s on the posterior (p < 0.05). In contrast, there was no significant

difference of the third Prony relaxation time constant t3 (slower time constant) between

the anterior and the posterior surface in all regions. However, t3 representing slower time

constant in the tissue, was significantly different between MP and IR regions, and MP

and PM regions on the anterior surface (p < 0.05). In addition, t3 was smaller for the MP

region compared to other IR and PM regions on the anterior surface. Figure 6-7

summarizes the comparison between the relaxation time constants.
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Figure 6-8 Von Mises stress distribution. Nanoindentation is far more sensitive to the

tissue properties near the contact regions than to those far from the indenter
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6.4.2 Simulation and the inverse method’s results

Figure 6-8 shows the force-displacement results from indentation simulation.
Higher stress concentration around the indenter tip observed compared to the elements far
away from the contact region.

Figure 6-9 and 6-10 show the applied force-displacement curves obtained from
ABAQUS simulation as three different sets of elastic moduli were imposed on the dilator,
sphincter and stroma sections in the incompressible and compressible models,
respectively. Slightly higher forces were observed in the incompressible simulations
where slightly nonlinearity was seen in the compressible simulations in the same regions.
When the elastic modulus of the dilator, sphincter, and stroma were varied (as shown in
Table 6-2), the same trends were observed in both compressible and incompressible
models. For example, in both models, for the case of anterior (and posterior) indentation
in IR region when and

, were assigned to the components of iris the force-
displacement curves matched since the sphincter did not exist in the IR region; hence
changing the elastic modulus of sphincter would not change the results. Noticeably,
higher forces were generated in the simulated indentation of the anterior surfaces in the
PM region when were imposed as material

properties in both compressible and incompressible.
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Figure 6-9 Force-displacement curves of incompressible indentation simulations in (a)
anterior PM (b) posterior PM (c) anterior MP (d) posterior MP (e) anterior IR, and (f)
posterior IR regions when three sets of elastic moduli were imposed to dilator,
sphincter, and stroma.
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Figure 6-10 Force-displacement curves of compressible indentation simulations in (a)
anterior PM (b) posterior PM (c) anterior MP (d) posterior MP (e) anterior IR, and (f)

posterior IR regions when three sets of elastic moduli were imposed to dilator, sphincter

and stroma.
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In all of the cases, anterior surface indentation gave slightly larger forces than
posterior surface, which is not consistent with the experimental results. This observation
is explained in more detail in discussion section).

Using the force-displacement curves and Equation 6-10, the weighting
factors, , were obtained for the dilator, sphincter, and stroma in all regions. Figure 6-
11 and 6-12 show the weighting factors calculated for the IR, MP, and PM regions (both
posterior and anterior surfaces) for compressible and incompressible models,
respectively. Weighting factors corresponding to the stroma had higher values compared
to the sphincter and dilator in the IR and PM regions on the anterior surface and vice
versa in the IR and PM regions on the posterior surface. As expected, weighting factors
corresponding to the sphincter were zero in the IR regions on both posterior and anterior

surfaces.
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Figure 6-11 Weighting factors corresponding to sphincter (blue), dilator (red), and
stroma (green) calculated from the incompressible model in (a) anterior PM (b)
posterior PM (c) anterior MP (d) posterior MP (e) anterior IR, and (f) posterior IR regions

when three sets of elastic moduli were imposed to dilator, sphincter, and stroma.
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Figure 6-12 Weighting factors corresponding to sphincter (blue), dilator (red), and
stroma (green) calculated from the compressible model in (a) anterior PM (b) posterior
PM (c) anterior MP (d) posterior MP (e) anterior IR, and (f) posterior IR regions when

three sets of elastic moduli were imposed to dilator, sphincter, and stroma.
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Figure 6-13 Elastic modulus for the dilator, the sphincter and the stroma were obtained
through comparison the (a) compressible and (b) incompressible model and
experiments results.

The accuracy of the inverse method was confirmed by creating a mock
indentation simulation. The elastic moduli for the dilator, sphincter, and stroma were
assigned with values of 1.1 kPa, 2.0 kPa, and 4.0 kPa in the ABAQUS’s model,
respectively. Six sets of indentation simulations were performed on both surfaces and all
the regions (IR, PM, and MP). Using the weight factors matrix, , and applied force

results of this set of simulations in Equation 6-11, the elastic modulus vector gave

expected values of ,
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Figure 6-14 Typical experimental (solid) and simulation (outline) load- displacement
curves for the anterior (red) and posterior (blue) surfaces at the (a) MP, PM (b), and IR
(c) regions.

The passive mechanical behavior of the iris and the contribution of its three main
components were determined through comparison between the experimental and FE
results (Figure 6-13). The average modulus for the dilator, sphincter, and stroma for three
porcine irides were calculated to be 1.43 + 0.88, 0.33 = 0.60, and 1.21 + 0.18 kPa,

respectively using incompressible model. Figure 6-14 shows the typical experimental and
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simulation force-displacement curves during rapid indentation for the three regions: IR,

MP, and PM.

6.5 Discussion

The complex mechanical behavior of the iris may not be perfectly determined in
our model due to some simplifications and assumptions; however, to our knowledge this
study (using the inverse method) was the first attempt to calculate the relative elastic
moduli of the iris components. Using uniaxial and biaxial tests [66, 92] or performing
nanoindetation tests in different locations [13, 93], gave us a better understanding of the
overall mechanical properties of the iris. Characterizing of the constituent components,
however, represents an important next step in understanding the complex architecture of
the iris. Specifically, characterization of the dilator can help us to understand the
mechanism behind IFIS. Floppiness of the iris and poor pupil dilation are due to a
weakening of the dilator muscle in IFIS, which enforces the idea that iris heterogeneity
plays an important role in the overall behavior of the iris.

Attempts to characterize the mechanical properties of the iris during indentation
experiments have several limitations, and include potentially inappropriate assumptions.
The simplifications and assumptions used in this study are reviewed in the subsequent
paragraphs.

1- Anisotropy of the tissue: as discussed in Chapter 1, the dilator and
sphincter muscles are aligned in the radial and azimuthal direction, respectively.

However, the elastic moduli were extracted from indentation which was performed
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perpendicular to the surfaces of samples. Our simulations did not account for such
anisotropy of the tissue.

2- Variability of iris geometry: The contour of the iris and location of each
component are different from sample to sample. Due to the difficulty of taking histology
images for samples, we created only one 3D model which was used for all three samples.
It would be more accurate to image each sample and create its own FE model. Moreover,
histology images may not be the perfect technique to determine the accurate dimensions
of the porcine iris components (particularly the dilator muscle) since the posterior side of
the tissue is mostly covered by a pigmented epithelium layer, which makes it difficult to
compute an accurate average measurement of the dilator thickness. Future studies are
necessary to assess a successful method to remove the pigmented epithelia cells and

obtain more accurate histology images of the detailed structure of the iris.
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Figure 6-15 (a) Applied force-displacement curves for 4 sample porcine irides

where different colors represent different sample. Force-displacement curves for

4 samples of (b) iris root (IR), (c) pupillary margin (PM), and (d) mid periphery

3-

Indentation technique:

(MP) regions.

Nanoindentation has become a widely used

technique to characterize the mechanical properties of various biomaterial and tissues

from load-displacement measurements. The advantage of indentation in determining the

mechanical properties of heterogeneous samples nondestructively makes it a suitable

technique for this study. However, recent studies indicate that the indentation results
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strongly depend on the shape of the indenter and are less sensitive to penetration depth
[105, 106]. Specifically, Simha et al. [106] showed that the elastic modulus measured
using nanoindentation depends on the indenter size. In that study, different conical and
cylindrical indenter tips ranging from 5 um to 4 mm in diameter were used to examine
the dependency of the equilibrium elastic modulus of cartilage on tip size. They reported
that the equilibrium elastic modulus of bovine patellar cartilage increased monotonically
with decreasing tip size, and postulated that their results were probably due to the
inhomogeneous structure of the specimens. The modulus obtained from the 2 mm and 4
mm tips were (0.63 £ 0.23 MPa) but different when 5 uym and 90 um diameter tips were
used, and average values of 2.3 £ 0.22 MPa were calculated. The goal of our study,
however, was to determine a relationship between the elasticity and assess relative
contributions of each component of the iris. Dividing the iris samples into three regions
during indentation tests have the advantage of obtaining useful information regarding the
different components of the iris, as different force-displacement were obtained for each

region.
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Figure 6-16 An initial sharp fall in force during the indention stress relaxation
demonstrates poroelastic behavior of the tissue

4- Material behavior of iris components: In this study, a neo-Hookean
material model was used to capture the large stress-strain deformation of the iris.
However, as discussed in Chapter 1, several clinical studies [15, 16] suggested
viscoelastic/poroelastic behavior of the iris [15]. The nature of the stroma (i.e. a loose
connective tissue with incomplete layers of fibroblasts) allows the fluid to move in and
out of the iris during iris movement. Moreover, in this study, an initial sharp fall in the
force during the indentation stress relaxation data could be the result of exudation of fluid
from the tissue (Figure 6-16). One of the challenges in simulating the stroma is, however,

obtaining accurate measurements of the permeability of the iris tissue.
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While these limitations and assumptions were important in this study, both
experiment and simulation results suggested that the iris dilator, sphincter, and pigment
epithelium on the posterior surface are significantly stiffer than the stroma located on the
anterior surface. That the mechanical properties of the iris vary spatially play an
important role in understanding the natural behavior of the iris. The posterior surface of
the iris was found to be slightly stiffer than the anterior side, emphasizing the importance
of the dilator muscle in certain ocular disease. For example, in IFIS, the perceived
floppiness may not be due to a weakening of the entire iris but rather a degradation of the
dilator muscle. Our results suggest that the dilator and sphincter play significant roles in
determining iris flexibility whereas the effects of the stroma may be negligible due to its

greater compliance.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The number of people with iris contour abnormalities such as angle closure
glaucoma (ACG) necessitates improving the diagnosis and treatment of ocular diseases.
As a result, many experimental studies have been devoted to understanding iris
mechanics, which plays an important role in these diseases. Clinical studies have
identified several anatomical risk factors associated with ACG, and in patients at risk,
changes in iris configuration caused by pupil dilation could potentially lead to ACG. The
mechanism and its effects on changes in iris contour, however, are still poorly
understood. The objectives of my research was to investigate the iris configuration during
several ocular phenomena and to examine the effect of the iris elastic response,
hydrodynamics of the aqueous humor, and activity of the iris muscles on the iris profile.
In this work, we developed a dynamic model for the anterior segment of the eye that
accounts for anatomical factors as well as mechanical properties of the iris.

In the study of dynamic analysis of the anterior segment under graded
illumination, significant changes of iris volume and cross-sectional area demonstrated
that the extracellular fluid can move easily out of and into the iris. Insignificant change of
anterior chamber volume and cross-sectional area supported the idea of dynamic
pupillary block, in which the motion of the iris changes the equilibrium volumes of the

anterior and posterior chambers. This study demonstrated our ability to quantify the
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geometry of the anterior segment during dilation and constriction. This experimental
study, as well as several clinical studies, has emphasized the importance of three
anatomical and physiological factors (dilator thickness, dynamic pupillary block, and iris
compressibility) in regards to changes in iris configuration and anterior chamber angle
(ACA) during pupil dilation and constriction.

Our axisymmetric computational model of the anterior segment was modified to
investigate the effects of the three anatomical and physiological factors (dilator thickness,
dynamic pupillary block, and iris compressibility) on the iris contour and AOD500
during dilation by creating a full factorial study. Our simulations predicted the most
dramatic change in AOD500 would occur when the dilator was modeled as a thin layer in
the posterior surface of an incompressible iris, and in the presence of pupillary block. The
decrease in AOD500 and the iris curvature were more pronounced when the iris was
incompressible and in the presence of pupillary block, respectively. Lack of significant
changes in the iris volume (incompressibility) caused crowding of the peripheral iris into
the trabecular meshwork and narrowing of the angle; the presence of dynamic pupillary
block amplified the other effects, demonstrating a potential synergistic aspect of angle
closure.

Indentation has proven to be a powerful technique to assess the iris particularly
because of it small length scale. Our results stress the importance of understanding the
mechanics of the iris in iris-specific disorders since the underlying pathophysiology in

narrow-angle glaucoma and pigmentary glaucoma involve mechanical events. A
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significant difference was observed between the anterior and posterior effective moduli at
all three locations. The experimental results support the hypothesis that the posterior
layer is the stiffer and produces higher forces with increasing depth, showing in particular
that the stroma is more compliant than the muscle tissue. Moreover, the stress-relaxation
analysis revealed that the anterior surface had a shorter relaxation time than the posterior
surface, perhaps due to the permeability of the stroma. This study highlighted the
possible role for iris mechanics in certain ocular disease. For example, in intraoperative
floppy iris syndrome (IF1S), the perceived floppiness may not be due to weakening of the
entire iris but rather degradation of the dilator muscle alone. Our results suggest that the

dilator and stroma play a significant role in determining iris flexibility.

7.2 Future Work

Developing an anterior-segment model for an individual subject and accounting
for unique characteristics of individual patients would allow us to identify their specific
problem and help doctors make better-informed treatment decisions. Medical imaging
such as optical coherence topography (OCT) and ultrasound biomicroscopy (UBM) could
help us to construct a precise model of an individual’s anterior segment. However, prior
to any further study, dealing with the resting state of iris is an important step. When
medical images are taken, most likely the constituent iris muscles (sphincter and dilator)
are active, and the unloaded state of the iris is not known. In order to estimate the rest

state of the iris, different experiments could be performed on subjects:
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e The activity of the sphincter and dilator muscle could be reduced by
introducing parasympatholytic (e. g. Tropicamide) and sympathomimetic (e.
g. Thymoxamine) drugs in subjects’ eyes. Medical images could be taken
before and after administration.

e Images of the anterior segment following the cataract surgery, when the lens
is removed from the eye, would provide useful information about the state of
the iris in the absence of the lens.

e Comparing the anterior segment images of subjects in light and dark
conditions, we could attempt to infer the resting state of the iris.

Structural characterization of the iris is important in physiology and
pathophysiology of the eye. Although combining nanoindatetion and simulation using the
inversed method showed promising results in estimating the mechanical properties of the
iris, the complex mechanical behavior of the iris was not adequately captured due to
some simplifications and  assumptions.  Accounting for  compressibility,
viscoelasticity/poroelasticity behavior of the stroma, and the fiber direction of iris’s

muscles could be the next step to explore the mechanical behavior of the iris.
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Appendix A- The Posterior Location of the Dilator
Muscle Induces Anterior Iris Bowing during Dilation
Even in the Absence of Pupillary Block

(This work was part of the paper “The Posterior Location of the Dilator Muscle Induces Anterior
Iris Bowing during Dilation, Even in the Absence of Pupillary Block” by R. Amini, J.E. Whitcomb,
M.K. Al-Qaisi, T. Akkin, S. Jouzdani, T.S. Prata, S. Dorairaj, J.M. Liebmann, R. Ritch and V.H.
Barocas, (Invest Ophthalmol Vis Sci. 2012;53:1188-1194) DOI:10.1167/iovs.11-8408 (American

Society of Mechanical Engineers as the copyright holder is acknowledged)

A1l Summary

In vivo and ex vivo experiments were performed in combination with an in silico
computational model to show how the posterior location of the dilator leads to iris
anterior bowing during dilation even in the absence of AH pressure. Iris anterior
curvature was measured in vivo before and after dilation by time-domain slit lamp optical
coherence tomography (SL-OCT). All patients (n = 7) had previously had LPI to
eliminate any pupillary block due to primary ACG. In the ex vivo experiments, isolated
porcine irides (n = 30) were secured at the periphery and immersed in an oxygenated
Krebs-Ringer buffer. Dilation was induced pharmaceutically by the addition of 2.5%
phenylephrine and 1% tropicamide. Iris images were taken before and after dilation using

an in-house OCT system. A FE model was also developed based on typical geometry of
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the iris from the initial OCT image. The iris was modeled as a neo-Hookean solid, and
the active muscle component was applied only to the region specified as the dilator.

An increase in curvature and a decrease in the chord length after dilation were
observed in both experiments. In both the in vivo and ex vivo experiments, the curvature
to chord length ratio increased significantly during dilation. Computer simulations agreed
well with the experimental results only when the proper anatomical position of dilator
was used.

We conclude that the posterior location of the dilator contributes to the anterior

iris bowing via a non-pupillary block dependent mechanism.

A.2 Introduction

Anterior bowing of the iris, resulting in a narrow or closed angle, is often
attributed to pupillary block[54, 107, 108] even though it is recognized that the angle can
close by multiple mechanisms, some independent of pupillary block. In particular, the
mechanism by which the iris bows anteriorly during dilation [23] is unclear. We have
shown theoretically [39] that the pressure increase from blocking the steady flow of
aqueous cannot explain the increased anterior bowing when the pupil dilates, and Woo et
al. [23] reported that the anterior bowing during dilation occurs within seconds, far too
quickly for AH to build up in the posterior chamber. Yamamoto et al. [109] reported that
when rabbits with a LPI were dilated, the aqueous flowed posteriorly, not anteriorly,
which would imply that the anterior-chamber pressure was, in fact, higher. In some cases,

LPI does not lead to opening of the angle, and following dilation, the angle can still
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narrow and the iris can still bow forward considerably [35, 36, 110]. Taken together,
these observations require that non-pupillary-block mechanisms for anterior iris bowing,
especially during dilation, be considered. In this paper, we explore the hypothesis that the
anatomy of the iris, specifically the posterior position of the dilator muscle within the iris,
contributes to spontaneous anterior curvature of the iris during dilation independent of

pupillary block.

A3 Methodology

This work included three parallel studies:

e In vivo experiments, in which the curvature of the iris was measured
before and after dilation for a set of subjects, all of whom had had LPIs,
eliminating any pupillary block.

e Ex vivo experiments, in which the isolated porcine iris was dilated
pharmacologically and imaged via OCT to determine the iris contour.

e In silico computer simulations, in which the ex vivo experiments were

modeled using realistic geometry and dilator placement.

A.3.1 InVivo Experiments

All patients had been diagnosed previously with anatomically narrow-angles
(ANA) and primary ACG. Patients diagnosed with ANA who underwent LPI surgery to
open the angle were imaged by SL-OCT in light and dark conditions. Institutional review

board approval was obtained, as was written informed consent for all subjects. At the
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time of imaging, all subjects’ angles were noted to be open. The SL-OCT system
(Heidelberg Engineering, GmbH, Dossenheim, Germany) had an optical axial image
resolution <25 pm and a lateral resolution of 20-100 pm. Initially, five high-quality
cross-sectional images were taken from each subject in dark conditions while in the
sitting position. Subsequently, images were acquired under standardized lighting
conditions (300 lux), using a 5 x 1 mm light beam set at the maximum intensity of the
device. Subjects were instructed to blink normally and to fixate with the non-imaged eye
on a target 1 meter from the device to minimize accommodation artifact. All images were
taken horizontally through the center of the pupil to avoid interference with the lid
margins, and iris crypts were avoided whenever possible. Quality control parameters
were defined as a well-centered image, a clearly defined scleral spur, and the absence of
artifacts. Patients diagnosed with exfoliation syndrome, uveitis, or pigmentary glaucoma,
were excluded, as were those with previous intraocular surgery. Patients who were on
systemic a-1 adrenergic receptor antagonists (such as Flomax) or on topical medications
known to alter the iris configuration [14, 28] were also excluded. Whenever both eyes
were eligible, one randomly selected eye was. The study was conducted in accordance
with the ethical standards stated in the 1964 Declaration of Helsinki and was approved by
the Institutional Review Board (IRB).

Images were analyzed using the ImageJ software available from NIH (National
Institutes of Health, Maryland) [51]. Chord length [23], iris curvature [111], and iris

concavity ratio [112] were calculated. Positive curvature indicates anterior bowing
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(concavity) whereas negative curvature reflects posterior bowing. The iris concavity
ratio, as described previously, is defined as the ratio of iris curvature to chord length,
which has the advantage of being a scale-invariant measure of curvature [112]. Results

were compared using a two-sided paired t-test assuming equal variance.

A.3.2  ExVivo Experiments

Experiments were performed on 30 isolated porcine irides and were in
compliance with the ARVO statement for use of animals in ophthalmic and vision
research. The irides were tested within 2-6 hours post mortem and prepared as described
previously [92]. The isolated irides were pinned at two locations on the periphery of the

tissue in a Petri dish with a silicone-based polymer lining (Figure A-1).
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Figure A-1 Ex Vivo Experimental Setup.
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Figure A-2 Representation of the OCT system used to image the iris during dilation.

The irides were immersed at room temperature in a 5 mL bath of oxygenated
Krebs-Ringer buffer to maintain a physiological pH of 7.4. Before dilation, reference
images of the iris were taken via the fiber-based swept-source OCT system [113] shown
schematically in Figure A-2.

The system operated in the Fourier domain, by which modulations on the optical
spectrum were related to the spatial information along a depth profile called an A-line
[114]. After the initial image was captured, the irides were dilated pharmaceutically by
addition of 40 pL of 2.5% phenylephrine and 40 pL of 1% tropicamide solutions. Images
of the dilated iris were taken every 40 seconds for 10-15 minutes. The initial and final
images were analyzed using ImageJ (National Institutes of Health, Maryland)[51] to
calculate the change in pupil diameter, chord length (AB), curvature (CD), and the
concavity ratio (CD/AB). These measurements are described in Figure A-3a. Iris cross-

sectional area (the nasal and temporal iris) were traced manually via a custom ImageJ
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macro and, and their areas and centroids were calculated before and after dilation. The
center of the pupil was defined as the midpoint of the line segment joining the centroids
of nasal and temporal iris cross-sectional areas and the corneal axis as perpendicular line
passed through the pupil center. The volume of the iris (both nasal and temporal) was
calculated using Equation 3-1. Results were compared using a two-sided paired t-test

assuming equal variance.

Active
Dilator

Figure A-3 (a) OCT image of the iris before dilator is activated. (b) FE model based on the

OCT image of the iris before dilation.
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A.3.3 In Silico Studies

A realistic FE mesh of the iris was constructed based on the initial OCT image of
the non-dilated iris (Figure A-3b). The dilator muscle is a very thin radially-aligned
smooth muscle located on the posterior surface of the iris. The dilator extends centrally to
the midpoint of sphincter muscle. For humans, the average thickness of the dilator is 4.0-

8.5 um [4, 14], whereas in the porcine model the average dilator thickness is 26 pm [13].

Figure A-4 Histological image of the pupillary and mid-peripheral portions of the porcine

iris.
We placed the dilator muscle in the posterior portion of the iris based on
histological analysis of the porcine iris (Figure A-4). The iris was modeled as a nearly

incompressible neo-Hookean solid [38] governed by the static stress balance:

A-1
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where ¢ was the Cauchy stress tensor, and derivatives of the stress were with
respect to the current coordinate system. The Cauchy stress tensor was defined by neo-

Hookean, , and active dilator, , contributions:
A-2

The neo-Hookean stress was defined by

where  was the shear modulus, v the Poisson's ratio, the identity tensor, the
deformation gradient, and the left Cauchy-Green deformation tensors, in which  and

were defined as follows:

A-5
with  being the current position of a material point, being its rest position.

The iris shear modulus (= 9 kPa) and Poisson’s ratio (v = 0.49) were set based
on our previous studies [66]. The dilator term was applied only in the dilator region
(represented by a darker color in Figure A-3b). To ensure that the muscle contraction was
always in the direction of the non-deformed dilator muscle, it was define by , the
scalar muscle contraction stress, and , the unit vector representing the direction of non-
deformed dilator muscle:

A-6

The Galerkin FE method was employed for spatial discretization of the

mathematical model. GAMBIT (Fluent Inc., Lebanon, NH) mesh generation software
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was used to generate the FE mesh. The nonlinear algebraic equation system was solved
using Newton-Raphson iteration and the direct solver MUMPS [115].

The model was used to simulate spontaneous contraction of the dilator muscle ex
vivo, based on the experiments described above. The pupil diameter was increased from
5.0 mm to 7.0 mm by applying a muscle contraction stress . To assess the importance
of the location of the dilator muscle, three simulations were performed. In the first case,
the dilator muscle was located in the posterior iris based on the histological porcine
images. In the second case, the dilator layer was artificially positioned more anteriorly.
Finally, in the third case, the entire thickness of the iris was modeled as the active dilator
muscle. In all three cases, the iris chord length, and the iris curvature (Figure A-3a) were

calculated from the model.

A.4 Results

A.4.1 InVivo Experiments

We examined seven patients diagnosed with ANA and/or ACG; patient details are
given in Table A.1. The measurements for the patients are shown in Figure A-5. The
pupil diameter (Figure A-5a) was 2.73 + 0.39 mm in the light and increased to 4.71 £
0.55 mm (p < 0.001) in the dark (mean £ 95% CI, n = 7). The iris chord length (Figure A-
5b) decreased significantly from 5.18 £ 0.35 mm to 4.23 £ 0.37 mm (p < 0.0001). Both
the curvature and concavity ratio increased, but only the concavity ratio increased

significantly. The curvature (Figure A-5c) increased from 0.13 + 0.09 mm to 0.16 + 0.02
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mm (p = 0.481) and the concavity ratio (Figure A-5d) from 0.026 + 0.01 to 0.04 £ 0.01 (p

= 0.004), including a significant change in shape due to the combination of chord length

and curvature changes.

Table A-1 ANA patient information.

Refractive Erro IOP (mmHg
Gender Race Age | Diagnosis | Eye

oD oS oD O}
F C 68 ACG (O +2.75 +2.50 15 15
M C 66 ACG oD +2.50 +2.00 15 16
M H 62 ACG oD -2.00 -1.50 15 17
F C 50 ANA oD -7.75 -7.75 14 15
M C 47 ANA ou +1.25 +1.50 14 14
M C 58 ACG oD -0.75 -1.00 15 16
M H 60 ANA oD +1.00 +0.75 19 19
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Figure A-5 In vivo ANA patients’ iris chord length, curvature, and concavity ratio results.

A.4.2  ExVivo Experiments

Figure A-6 shows a pinned porcine iris before (a) and after (b) dilation. The pupil

diameter increased in the experiment, indicating that there was still activation of the

dilator muscle (phenylephrine) and possibly relaxation of the sphincter muscle

(tropicamide). The bar graph in Figure A-7a shows that the pupil diameter increased from

2.82 + 0.16 mm (mean = 95% CI, n = 30) to 3.72 + 0.21 mm (p < 0.001) after the

addition of the 40 pL of 2.5% phenylephrine and 40 pL of 1% tropicamide. The iris
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chord length (Figure A-7b) decreased from 1.43 = 0.11 mm to 1.12 + 0.09 mm (p <
0.0001) following activation of the dilator muscle. The iris curvature also changed
following dilation (Figure A-7c), increasing from 0.12 £ 0.01 mm to 0.20 £ 0.02 mm (p <
0.002). The concavity ratio also changed significantly (Figure A-7d), increasing from
0.09 + 0.01 to 0.21 = 0.02 (p < 0.0001) following drug-induced dilation. These results

were all consistent with the in vivo experiments.

Figure A-6 Ex Vivo Pupil Dilation Results.
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Figure A-7 Ex Vivo iris pupil diameter, chord length, curvature, and concavity ratio

results.

The iris cross-sectional area (Figure A-8a) and volume (Figure A-8b) both

showed a significant decrease. The cross-sectional area of iris decrease from 0.34 + 0.02

mm to 0.32 + 0.01 mm? (p < 0.05) where the iris volume decreased from 1.74 + 0.13 puL

to 1.64 = 0.14 uL (p < 0.05) following activation of the dilator muscle.
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Figure A-8 Ex Vivo (a) iris cross-sectional area and (b) volume results.

A.4.3 In Silico Studies

Figure A-9 shows the iris deformation following dilation in a typical ex vivo
experiment compared with the three simulation results created based on the undeformed
geometry the tissue. In both the experiment (Figure A-9a) and the realistic model, in
which the dilator muscle was positioned in the posterior portion of the iris (Figure A-9b),
the iris curvature increased and the iris chord length decreased. The unrealistic models,
however, did not predict the experimental results correctly. Positioning the dilator
anteriorly within the iris led to a smaller increase in the iris curvature following dilation
(Figure A-9c). Modeling the whole thickness of iris as the active muscle led to a decrease
in the iris curvature (i.e., shift to the posterior). As quantified in Figure A-10, the realistic
model was the only one that predicted the iris concavity ratio following dilation

consistently with the experimental results.
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Figure A-9 Iris chord length and curvature before (left) and after (right) dilation in. (a) a
typical ex vivo experiment, (b) an anatomical realistic model of the iris with the dilator
muscle in the posterior, (c) an artificial model in which the dilator was positioned
anteriorly, and (d) an artificial model in which the dilator was thickened throughout the

entire iris contour.
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Figure A-10 Iris concavity ratio before and after dilation in a typical experiment and

three models based on the geometry of the experiment.

A.5 Discussion

The major conclusion drawn from this work is that the location of the dilator itself
can cause iris anterior bowing. Three different types of experiments (clinical,
experimental, and computational) all confirmed the contribution of the dilator's position
to a non-pupillary-block-dependent mechanism for anterior bowing.

While it is possible that the lack of radial symmetry in pinning of the ex vivo iris
led to a small artifact, we observed no difference when more pins were used, so the two-
pin method was deemed acceptable. We also have found previously [92] that ex vivo
irides lose the ability to dilate approximate 5-6 hours post mortem, so it is essential that

the eyes be harvested and tested quickly if the iris is the target. It is noted that in vivo
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studies were on patients who had received LPIs for narrow angles, so some effects that
observed could have been more or less pronounced than they would be in the general
population. Healthy subjects are not given LPIs, but LPI is used to treat pigmentary
glaucoma patients, who could provide an alternative test group.

It has been suggested [16] that incompressibility of the iris (or inability of water
to escape from the iris stroma) may contribute to the risk of angle narrowing or closure.
The present study focuses on the contour as described by the posterior surface of the iris,
so no conclusion can be drawn relative to the aforementioned studies, but it may be that a
synergistic effect exists between dilator-induced curvature and the pushing of the iris into

the angle. Both ideas must also be examined in light of the role of pupillary block.
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Appendix B- Increased Iris-lens Contact Following

Spontaneous Blinking: Mathematical Modeling

This work was part of the paper “Increased iris-lens contact following spontaneous blinking:
Mathematical modeling” by R. Amini, S. Jouzdani, and V.H. Barocas, (J Biomech. 2012 Aug
31;45(13):2293-6. doi: 10.1016/j.jbiomech.2012.06.018. Epub 2012 Jul 21. (American Society of

Mechanical Engineers as the copyright holder is acknowledged))

B.1 Summary

The purpose of this work was to study in silico how iris root rotation due to
spontaneous blinking alters the iris contour. An axisymmetric FE model of the anterior
segment was developed that included changes in the iris contour and the AH flow. The
model geometry was based on average values of ocular dimensions. Blinking was
modeled by rotating the iris root posteriorly and returning it back to the anterior.
Simulations with maximum rotations of 2°, 4°, 6°, and 8° were performed. The iris-lens
contact distance and the pressure difference between the posterior and anterior chambers
were calculated. When the peak iris root rotation was 2°, the maximum iris-lens contact
increased gradually from 0.28 to 0.34 mm within eight blinks. When the iris root was
rotated 6° and 8°, the pressure difference between the posterior and anterior chambers
dropped from a positive value (1.23 Pa) to negative values (-0.86 and -1.93 Pa) indicating
the presence of reverse pupillary block. Apparent iris-lens contact increased with steady
blinking, and the increase became more pronounced as posterior rotation increased. We

conclude that repeated iris root rotation caused by blinking could maintain the iris in a
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posterior position under normal circumstances, which would then lead to the clinically-

observed anterior drift of the iris when blinking is prevented.

B.2 Introduction

In the anterior eye, AH (henceforth “aqueous™) is secreted from the ciliary body
into to the posterior chamber, flows through the gap between the lens and iris into the
anterior chamber, and finally drains via the trabecular meshwork (Figure 2-1b). Aqueous
brings oxygen and nutrients to avascular ocular tissues, notably the lens and cornea.
Resistance to aqueous outflow generates I0P. A typical IOP value of 10-15 mmHg
(13002000 Pa) is necessary for normal function of the eye [8]. Increased 10P, although
not a defining criterion for glaucoma [37], is widely accepted as a major risk factor [116-
119].

The iris configuration can affect the IOP and has been used to classify different
types of glaucoma [120]. For example, in primary ACG, the peripheral iris blocks the
aqueous outflow pathway. Angle closure derives its name from the closed or narrowed
angle between the anterior surface of the iris and posterior surface of the cornea.

Unlike angle closure, pigmentary glaucoma occurs when the iris is abnormally
bowed towards the posterior. Although the cause of iris posterior bowing is not known
for certain, “reverse pupillary block” has been proposed as a possible explanation [46]. In
reverse pupillary block, a transient elevation of the pressure in the anterior chamber
pushes the iris towards the posterior and pins the iris tip against the lens surface.

Consequently, the aqueous flow from the anterior chamber to the posterior chamber is
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transiently blocked, and iris bowing is prolonged until the aqueous pressure in the
anterior chamber is lower than that of the posterior chamber. Reverse pupillary block
may be initiated by accommodation [47, 48, 79] or corneoscleral indentation [49].
External indentation of the cornea and/or sclera by various objects [31, 121-124] is
known to cause opening of the ACA, possibly via whole-globe deformation and
consequent posterior rotation of the iris root [125]. Although no external object indents
the corneoscleral surface during blinking, changes in the iris contour [86, 111] and in IOP
[126, 127], observed experimentally, suggest that a similar mechanism occurs. In
particular, in eyes with pigmentary glaucoma [86, 111], narrow angles [86], and healthy
controls [86], when blinking was prevented by the presence of an eye cup for UBM
examination, the iris drifted anteriorly. Considering the similarities between blinking and
corneoscleral indentation, these observations suggest that during each blink, pressure on
the corneoscleral surface from the eyelids leads to iris root rotation, altering aqueous flow
and iris contour.

As shown in our previous work [49], due to reverse pupillary block, even an
extremely short-duration (~ms) rotation of the iris root can require a long recovery time
(~min); a normal individual blinks every 2-4 seconds [84, 85]. Therefore, before the iris
can recover fully from one blink, a new blink occurs. We hypothesize that regular
blinking prevents the full recovery of the iris-aqueous system and keeps the iris in a

posterior position. Prevention of blinking would allow the iris-aqueous system to re-
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equilibrate and consequently would lead to the observed anterior drift of the iris. In this

paper, we explore the hypothesis via a FE model of the anterior segment[38, 48, 49].

Cornea ——

Corneal axis /

/ Aqueous humor

Trabecular meshwork
e i
Cii / Ciliary body —»

Vitreous humor /

Figure B-1 Anterior segment model (a, b) was created based average geometrical values

for healthy individuals from published data (Table 3-1).

B.3 Methodology

A FE model of aqueous-iris interaction was modified to simulate blinking (Table
3-1, Figure B-1). The governing equations and all of the boundary conditions except for
the iris root rotation were identical to those discussed extensively in previous work [49].
Briefly, the iris was modeled as an incompressible neo-Hookean solid and the aqueous as
incompressible viscous fluid. Geometry of model domain and the FE meshes were
generated using GAMBIT (Fluent Inc., Lebanon, NH) via a paving technique. The
Galerkin FE method was employed for spatial discretization of the mathematical model,

and the implicit Euler method was used to solve the initial value problem.
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We simulated each blink as 80 ms closing, no hold, and 200 ms opening, with one
blink per every 3 seconds [84, 85]. The iris root was rotated posteriorly during 0.08 s
using Drichlet boundary condition. The iris root was then rotated back to the pre-blinking
(non-rotated) location over 0.2 s and followed by maintaining the pre-blinking
configuration for 2.72 s to complete the three-second blink period (Figure B-2). These
steps were repeated over time to simulate blinking.

Since no experimental data on the exact value of iris root rotation were available
in the literature, we performed a parametric study on the effect of rotation angle. We
repeated the simulation for four different iris root rotation angles. The maximum iris root
rotations in the four cases studied were 2°, 4°, 6°, and 8°. The largest value of the
parameter (i.e. 8°) was chosen as close to the value of iris root rotation due to the corneal
indentation [125].

We calculated the apparent iris-lens contact and pressure difference between the
anterior and posterior chambers. Apparent contact length, commonly used in UBM
studies [111, 128-130], is defined as the distance over which there is no resolvable space
between the iris and lens in the UBM image. In the computational model, we estimated

the apparent contact as the distance over which the iris was at most 50 um from the lens.
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Figure B-2 Iris root angle during blinking for 6° posterior (negative) rotation. The iris was
rotated towards the posterior in 0.08 s, rotated back in 0.2 s, and held for almost 2.72 s.

Blinking was repeated every 3 seconds.

B.4 Results

Figure B-3 shows the iris-lens gap before blinking and immediately after the 10"
blink. Before blinking, the iris-lens gap was open and aqueous flowed from the posterior
to the anterior chamber (shown with an arrow in Figure B-3). As blinking continued, the
iris tip became closer to the lens and the iris-lens gap narrowed. In the computational
model, since the fluid domain was required to be continuous, a finite gap remained [48,
49]. Following blinking, however, the flow through the gap became negligibly small (<

2% of steady-date value).
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Figure B-3 The iris-lens gap without blinking (a) and after 10 blinks (b) simulated in the
models (6° iris root rotation). When the iris-lens gap is not closed, the aqueous flows
from the posterior chamber to the anterior chamber across the gap as shown
schematically with an arrow.

During simulated repeated blinking, pressure difference between posterior and
anterior chambers, AP, (Figure B-4a) and apparent iris-lens contact (Figure B-4b)
stabilized after a few blinks. When the iris root was rotated 6° and 8° to the posterior, AP
became negative, indicating higher pressure in the anterior chamber and the existence of
reverse pupillary block. The parametric study (Figure B-5) showed a monotonic increase

in iris-lens contact with iris rest rotation, as expected.

159



Apparent
ac
o
N

0 5 10 15 20 25 30 35
Time [s]

Figure B-4(a) AP, aqueous pressure difference between the posterior and the anterior

chambers, and (b) apparent iris-lens contact as blinking prolongs (6° iris root rotation).
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Figure B-5 The apparent iris-lens contact after 10 blinks when blinking was modeled
using different iris root rotations (sparse bars) in comparison to the contact without

blinking (solid bars).
B.5 Discussion

Our computational model showed that apparent iris-lens contact increased
following blinking as aqueous was pumped from the posterior to the anterior chamber via
iris motion. When an individual is awake and conscious, spontaneous blinking occurs
every 2-4 seconds [84, 85], and the iris stays more toward the posterior. We suggest that
in the absence of blinking, as in the initial condition of our model, the iris is more
anteriorly located. Therefore, when blinking is prevented [86, 111], the aqueous-iris

system returns to its blink-free steady-state, and the iris drifts forward.
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In this study, we were not able to model globe deformation during blinking due to
lack of quantitative experimental data on the effect of the ocular muscles. We expected
that, similar to other cases of corneal indentation (e.g. indentation gonioscopy), the iris
root would rotate to the posterior when the corneoscleral surface is pressurized by the
eyelids during a blink. Parametric studies showed that regardless of how much the iris-
root was rotated, the iris-lens contact increased. Based on our model, we conclude that
the apparent iris-lens contact increases following prolonged blinking, but a precise
estimate of the increase would require more information than is currently unavailable.

It should be noted that the elastic modules E = 27 kPa in the study was based on
our previous published experimental data [66]. In particular, Heys and Barocas [66]
performed mechanical testing on an incompressible bovine iris and in the radial direction.
More recently, Whitcomb et al. [13] calculated the instantaneous and equilibrium
modulus of porcine irides using indentation mechanical testing. Instantaneous modulus of
6.0 £ 0.6 kPa and 4.0 + 0.5 kPa and equilibrium modulus of 4.4 £ 0.9 kPa and 2.3 £ 0.3
kPa, were reported for posterior and anterior surface of the porcine irides. Recently, Yoo
et al. [93] also calculated the stiffness of different ocular tissues including the bovine
irides using microindentation, and reported 4.86 kPa and 0.24 kPa, for instantaneous and
equilibrium modulus of the bovine irides, respectively. Based on our previous work [48],
we would expect that varying the elastic modulus would change the pressure difference
between the posterior and anterior chamber, but would have no effect on the apparent

iris-lens contact and iris curvature.
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A recent study using imaging of the anterior eye [16] has proposed that the
normal iris is compressible and that incompressibility of the iris (or inability of water to
escape from the iris stroma) may contribute to the risk of angle narrowing or closure. In
the present study, the iris was modeled as an incompressible homogeneous neo-Hookean
solid, but other models could be explored.

Our model results indicate that posterior rotation of the iris every few seconds, as
one might reasonably expect to occur during blinking, can induce reverse pupillary block
and maintain the iris in a state of posterior bowing. When blinking is prevented, the iris
can transition to a more anterior curvature over a few minutes, but upon resumption of
blinking, the iris will return to the posterior configuration. All of these results are
consistent with clinical observation. Our results suggest that although laser iridotomy, by
allowing pressure equilibration across the iris, would lead to flattening of the iris but
might not eliminate iris-lens contact, which could be driven by iris root rotation rather
than by pressurization of the aqueous in the anterior chamber. That is the iris could still
rub against the lens and zonules during every blink even though the rapid return to a flat
contour because of the iridotomy would reduce the observable iris-lens contact to nearly
zero.

Finally, it should be noted that Studies have shown there are several risk factors
that may contribute to pigmentary dispersion glaucoma including large eye, age, sex, and
race. For example it has been shown that have pigmentary glaucoma most commonly

found in young, myopic, white males [90, 124]. A relative posterior position of the iris to
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the lens may also contribute to pigmentary dispersion glaucoma, however, by itself does

not necessary imply the existence of pigmentary dispersion glaucoma.
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