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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 priamaig closure
glaucoma (ACG)the iris is positioned abnormally to the anteriormy research project
| tried to reveal the mechanisms underlying iris contour abnormalities using a
combination of computational and experimental studies.

The iris contouris 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 mechaniclkehavior of the iris. Unlike the other two forces that are generated
by the iris, the hydrodynamic forces are caused by the continuous flow afjtie®us
humor @H) in the anterior eye. An accurate gmetdictive computational model, which
could provide msights into pathophysiology of glaucoma and possibly lead to novel
therapeutic strategiemustaccounts for all of the three elements contributing to the iris
contour. As part of the continues investig
Minnesota, the main purpaseof this study were (1) to characterize the passive
mechanical properties of the iri) to characterize iriselated risk factors to ACG using
anterior segment optical coherence tomogrgt8OCT) techniqueand () to develop
a computational model of the irsqueoushumor interaction in the anterior eye during

dilation.



The iris is composed of three constituent components: the stromsplimeter
iridis, and thedilator pupillae To quantify the relative stiffness of diffetesections of
the iris, mechanical indentation tests and histological analysis in combination with a
three dimensionalffinite element FE) simulation were performed. The iris was divided
into three regions and the indentation tests were performed omdetior and posterior
sides of porcine irides. The effective moduli and viscoelastic parameters for all regions
were calculated. Thre#imensional anatomically accurate models of iris indentation were
generated iIMBAQUS, based on histological data. Anveérse method was developed to
determine deptidependent elastic properties of the iris by comparing experimental
results andFE predictions. The study outcomes supported the hypothesis that the
posterior layer was the stiffest and produced larger fordeinctreasing 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 hiigk patientspupil dilation, caused by
relaxation of sphincter iridis and contraction of dilator pupillae, can lead to AG@&eor
exacerbate chronidCG. To study such risk factors, experimental and computational
studies were performed.

In the experimental study,wenty normal subjects underwent complete
ophthalmic examination andS-OCT in a controlledight study. Dynamic changes of
the anterior chamber andhe iris configuration were captured during ligiotdark

(dilation) and darko-light (constriction) condions in a series oAS-OCT images. The



relationship between iriparameters (like iris volumend anterior chambeparameters

(like anterior chamber angle and anterior chamber volum#) changes  pupll
diameter were evaluateWe observed adecreasdincrease)n iris volume and anterior
chamber angle during dilatiofconstriction), 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 pligry block play important rolg in angle
closure mechanism.

Furthermore,a mathematical model of the anterior segment was developed to
study ACG risk factorsin a fluid-solid interaction modebf the anterior segment, the
contribution of three anatomicaand physiological factors (dilator thicknesaH
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 locan of the dilator muscle and aqueous humor blockage.
The model also predicted that the risk of ACG during dilation increased with iris

incompressibility, a resuttonsistent with several clinical observations.
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Chapter 1 Nomenclature

1.1 Abbreviations

AC = Anterior Chamber

ACA = Anterior ChamberAngle

ACG = AngleClosure Glaucoma

AH = Aqueous Humor

AOD500 =Angle Opelng Distanceat 500 um
AS-OCT =Anterior SegmenOptical Coherence Tomography
FE = Finite Element

IFIS = Intraoperativé-loppy Iris Syndrome
IOP =IntraocularPressure

IR = Iris Root

LPI = Laser Peripherdftidotomy

MP = Mid-Periphery

OAG = OpenrAngle Glaucoma

OCT =Optical Coherencélomography

+PB = Presence of Pupillary Block

-PB = Absence of Pupillary Block

PDS = Pigment dispersion syndrome

PM = Pupillary Margin



SL-OCT =Slit LampOptical Coherencélomography
TM = Trabecular Meshwork

UBM = UltrasoundBiomicroscopy

1.2 English Letters

= Slopein a linear regression model
= Crosssectional 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
= Circumferentialunit vector
= Instantaneous modulus
= Equilibrium modulus

= Elastic modulus

= Elastic moduluwector



= Sample thickness
= Deformation gradienmatrix
= Viscoelasticshear constant in Prony series function
= Shear modulus

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

= Initial bulk modulus
= Normalunit vector
= Pressure
= Indentation force

= Vector ofsimulation forces
= Vector ofsimulation forces

= Distance between thleorneal axis and the centrafithe area
= residual vector

(R-squarel = Coefficient ofDetermination
= 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
& P= Prosterior - Panterior = Pressure difference between posterior and anterior
chambers
= Distance coefficient in the contagtevention force

= Correction factorfor calculating elastic modulassing forcedisplacement

curve

= Second Lamé coefficients
= Weight factors matrix

= Viscosity

= Density



= Cauchy stress
= Cauchy streskr aneacHookeanmaterial
= Cauchy stressf the dilator
= Cauchy stresef thesphincter
= Cauchy stressf the stroma
= Scalar stress acting on dilator muscle
= Scalar stress acting @phinctemuscle
= Sum of square®f theresiduals
= Viscoelastidime constant in Prony series function

3=Poi sssation 6



Chapter 2 Introduction

2.1 Ocular Anatomy and Physiology

The eye is a complex orgavhich is supported and controlled by the extraocular
muscles around ifThe eye is divided intéhe posteriorsegment includinghe vitreous
humor, retina, choroid, and optic nerard the anterior segmentontainingthe sclera,

cornea, iris, and len&igure 21a)

Anterior Segment
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Figure2-1 (a) Anatomy of the eyeomposed of theanterior and posterior segmentgb)
Anatomy of the anterior segment and flow AH(image courtesy: National Eye

Institute, NIH, Bethesd&/ID).



2.1.1 Posterior Segment

The largest structure of the ey® the vitreous humor. The vitreous humor is
composed of water (98%), hyaluronic acid, and collagen fili¢rsThis 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 accommodBtimimg
accommodatiorthe eye moves the lens forward anteriorly tou®on objects atifferent
viewing distancesClinical and mathematical studies supptiré idea that the vitreous
provides an essential support function during accommodgids]. The vitreous humor
also keeps the retina in place by pressing it against the chbigidd 21a).

The multi-layeredretinalies atthe back of the eyand is a derivative of and an
extension ofthe optic nerve. The rods and cones tbe retinaare responsible for

convering light into electrical signal[4].

2.1.2  Anterior Segment

Theanterior segment can be divided into two chamid@gu(e 21a): the anterior
chambey which extenddrom the cornedo the iris;andthe posterior chambethat lies
between the iris and the lens

The cornea is the most anterior structure of the eye gholansparenimulti-
layer tissue, and covers the anterior chamBdée cornea along with the lens and
trabecular meshworis avascular 8sues and nourished by diffusiomvithin the aqueous

humor (AH) The lenss positioned posterior to the iris apthys an important role in the



refradion of light and accommodatiorn the following sectionsan overview of the

anatomy angbhysiology tle AH flow and iris is presented.

2.1.2.1 Aqueous Humor

AH provides oxygen and nutrientts the lens and cornend carries away waste
products from the metabolism of ocular avascular tisgbledt flows from the ciliary
body into the posterior chamber, and throutjle pupil, and it drains into the anterior
chamber Figure 22). The angle between the anterior surface of the iristhegosterior
surface of the cornea is defined the anterior chamber anglfACA). The ACA is
typically about 30° in the normal eyEigure 22). The majority of aqueous flow exits
through the trabecular meshwork into Schlemm's cambe other main outflow

pathways are through uveoscleral outflow, the vitreous gel, and the[tina

TRABECULAR
MESHWORK

Figure2-2 Anatomy of the eyeomposed of theanterior and posterior segment3he

ACA is the angle between the posterior cornea and anterior iris.
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The rate ofAH outflow vaies betweer2.4-3. OL/man which has a slower rate at
night andfor older people[7]. AH flow meets some resistance during the passage from
the posterior chamber into the anterior chamBar.crossing through thearrow gap
between the iris and the lens, a small resistance is geneérhtegthenomenon is termed
relative pupillary blockAlso, drainage of the AH flow through the trabecular meshwork
produces a largest resistance which is the major contributoraododar pressure (IOP).
The 10P, thepressure inside of the eyean be calculated from ti@oldmannequation
and is related tthe AH rate,which is inversely related tine outflow facility.The IOP is
approximately 15-21.3 mmHg in the normal eyg3, 9]. However, longterm and shott
term variations in IOP have been reporteéldictuation of IOP could be produced during
the day or night, but the lowest amount was reported during El®pExercise and

changes in elevation could also have an effect on[1QP

2.1.2.2 lris

The iris muscle is responsible for determining the size of the pupilimnd
regulating the amount oight reaching the retin&he thickness of the iris is reported to
be 0.6 mm and 0.5 mm neidre pupillary margin and iris root, respectivgl]. Human
pupil diameter can vary between0Imm to 90 mm at maximum constriction and
maximum dilation, respectively12]. In addition to the elastic forces generated by
mechanical behavior of the irigis movement is determined by two facto(4) the
hydrodynamicforces caused by the continuous flow of the &kt (2) internal stresses

arisethatfrom activation of the iris constituent
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Sphincter
Iridis

Dilator
Pupillae

Figure2-3 Histological crossection of the porcine iris showing its three cornspg
segments: theSphincter Iridisdilator pupillaeand stroma (histology image is from Julie
E. Whitcomb)

The iris iscomposed mainly of three components, gphincter iridis thedilator
pupillag and the stromdFigure 23). These threemain layersare reviewed in the
subsequergections:

The sphincter muscle &smooth musclecatednear the pupillary margin on the
posterior surface of the irifThe average thickness of the sphincter muscle i9.04
mm with a thicknessof 0.750.8 mm for humars [4]. In the porcine model the average
sphincter thickness is 0.13vm [13]. The sphincter iridis i®riented circumferentially
and innervated by the parasympathetic mery systemto contract the iris. The
stimulation of sphincter musclean uniformly reduce the pupil sizélthough it is not

clear whether the dilatamuscle is in & relaxed state during the irig€ontraction the
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sphincter muscles shortens by 8if#tengthas the pupil sizes reduced from 8.00 mm to
1.5 mm in diamete].

The dilator muscle layer has a thickness of8,00 e m and ies | oc a
posterior surface of the irigl, 14]. The periphey of the dilator muscles extends tioe
iris root and disappears to the midportion of the sphincter m[#clin contraswith the
sphinctey the dilator pupillae is arranged radially and innervated by the sympathetic
nervous systerfi2].

The stroma is located on the anterior side of the irisscomposed o& collagen
network thatsupports the structuref the iris. The loose nature of the tissue alloAd
flow to move in andout of the stromaduring dilation and contraction. The
communication ofAH flow between the iris stroma artde anterior chamber had been
shown using injected inKL5]. More recently, Quigley et a|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 A bnormalities and Glaucoma Care

Glaucoma refers to a group of eye disorders that results in damage to the optic
nerve and eventuallyloss of vision.Glaucoma is typically characterized by an increase
in IOP. In recent decades the glaucoma classification emphasigesngiortance of
visually significant optic nerve damadé]. Glaucoma is theanost common cause of
irreversible blindness worldwide as results of glaucomaOver 60 million people

worldwide affected where.8 million becamebilaterally blind[7]. Studies have shown
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Latino Americans andAfrican Americans are at a greater risk of developing glaucoma
than other ethnic populatiori$7]. The two major types of glaucoma are primapen

angle glaucoma3dAG) and pimary angleclosure glaucomadCQG).

2.2.1  Primary Open -Angle Glaucoma

The mostprevalent form of glaucoma BAG. OAG occurs spontaneously where
there is no apparent ocular or systemachanism, without any hereditary predisposition.
In OAG, outflow of the AH through the trabecular meshwork is obstructed, which
increases the IQMowever, the angle remains opé&wentually, high IORmayresult in
irreversible optic nerve damage and vision loss (specifically peripheral visionAtss).
the ACA for patients wittOAG is always open whether the angle is wide or narrow or

the IOP is normal or hig[i8].

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 narrowédre 24). When the angle is
closed, the IOP may become very high, causing symptomsasutfurred vision and
pain. Some cases 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 leAslditionally, the iris isabnormally psitioned towards

the anteriof18].
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Figure2-4 UBMimagesof (left) normal eye and (righthCG

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 forACG [19, 20] Although, the risks of precipitating acute angle closure by
dilation is still uncertainthere are studies that have shown a significant increase in IOP
[21]. Therefore, the dynamic changes of the iris configomaduring dilation have
received attention recently

Iris shortening, increased iris thicknemsd convexity{22, 23] decreased cross
sectional area and irolume [16, 24fand dynamic changes of the iris during dilation

have beershownas risk factors in angle closure glaucoma.
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orwAL

Figure2-5 UBMimagesof (left) normal eye, right) PD$rovided by DrPrata, New York

Eye and Ear Infirmary.

2.2.3 Pigment Dispersion Syndrome

Pigment dispersion syndrome (PD$3 a common secondary glaucoma
characterized by loss of pigment from the posterior iris surface int@Hh&DS usually
occurs in respong® the rubbingof theiris surface against the lens zonulas.a result
excessive pigment deposition in the intraocular structures such as the trabecular
meshworkcausedOP elevationand optic disc damagé&he anterior chamber is often
deeper for patigs with PDJ25].

Clinical studies show tha@DS is involved with reverse pupillary block the
reverse pupillary block mechanism, backward flow of AH results indnighessure in
the anterior chamber than inettposterior chamber, arttle iris is abnormally bowed
towards the posteriowhich causes an increase in ii@enule andirisilens contact

(Figure 25).
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Figure2-6 Surgical image showing iris billowing, progressive intraoperative miosis and

iris prolapse from the surgical incisi{26].

2.2.4  Intraoperative F loppy | ris Syndrome

In addition to glaucoma, other syndromes such as inerative floppy iris
syndrome (IFIS) are directly related to the iris conttkilS was first described by Chang
and Campbell (2005) who proposed that IFIS was associated with the use of tamsulosin
(Flomax)[26]. Tams ul osi n i s a s yléd andagonist tha pyrbipding toet | ¢
the postsynaptic nerve of the iris dilator pupillae relaxes this smooth m&stlents
undergoing cataract surgery who were taking tamsulosin have more risk of developing
IFIS.

Poor peoperative pupillary dilation, flaccid and prolapsed iris stroma, and
progressive intraoperative pupillary constriction are observed during cataract surgery as
IFIS symptomsKigure 26).

Recentreseardmiass hown t hat ot her -1Awdampesesuch sy mp a

as alfuzsion, terazosin, and doxazosin migh&ssociaté with IFIS by leading to disuse
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or atrophy of the iris, particularly othe dilator pupillae muscl¢26, 27] Current
morphdogical studies are looking at the effect of tamsulosin on the humanThes.
dilator and spimcter musclehickness of a group of patients was measured wgptigal
coherence tmography(OCT) by Prata et a[28] andwith light microscopy by Santaela

et al. [14]. Both reports agreed that the average iris dilator thickness was significantly
different between tamsulostreated eyes as compared with control eyésse stdies
suggest thasystemic) -1 adrenergicreceptor antagonistike 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 scfeen
glaucoma.An ophthalmologist may perform tests to measure pha t i efrattiéns
IOP,ACA, andvisual field.

OCT s an imaging techniquéhatcaptures a stereoscopi® dview of the eye It
also provides useful information about the antesegment such as anterichamber
depth, andACA. During theOCT test the AH is examined for pigmergranulesThe iris
is alsotransilluminaédto assess the loss of postelig pigmentto diagnoséPDS orto
look for teas in the pupillary sphincterThe anterior chamber volumtihe concavity of
the peripheral irisand the curvature of the lenmy be evaluated he anterior surface of
the lens capsule could be examined to observe exfoliation, pigment on the zonules and
other abnormalitiesHowever, tle examination is not completedntil the IOP is

measured
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Figure2-7 (right) Anterior segmenOCTand (left)UBMimageq29].

Ultrasoundbiomicroscopy(UBM), like OCT, is designed for imaging the anterior
segment of the eydt provides the ability to vievin vivo cross sectiogiof the structures
of anterior segments with a resolution of approximately 50 (figure 27). High
resolution anterior segment imaging haswtd ophthalmologists to elucidate numerous
aspects of the plaophysiology of eye disordef30].

Raised IOP is the most important modifiable risk factor for the development and
progressiorof glaucomatous optic neyvathy A tonometeris anocularinstrument that
examiners use to evaluate the IOme Maklakov tonometeris the simplest type of
tonometer whereas the Goldmann tonometer is considered the most accurate and standard
one (Figure 28). Since the device in some cases makes contact with the cornea, an eye
drop such aproparacaings introduced onto the surface of the eyae tonometer is
pushedagainst the cornea and tfagce required to flatten a certain area of ttegnea is

convertedo pressure.
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Figure2-8 Maklakov (left) and Goldmann tonometer (right).

Reliable knowledge about thenatomy ofthe anterior segment, particularly the
ACA, couldhelp ophthalmologistto better managglaucoma.lndentationgonioscopyis
a clinical techanique andtandard tool in the evaluation of the ACIA.an hdentation
gonioscopytest a goniolenss pushedagainsthe cornea opatientto characterize the iris
contour and measure t#eCA (Figure 29). Measured angles of 286° are classified as
open angle whereas less than 10° measured angles are categorized as very narrow

angle/closed anglée].

(Image of Iridocorneal Angle)

Gonioscope Gonioscope Mirror

Ocular Lubricant Cornea

Iridocorneal Angle
Iris

Figure2-9 Goniascopy schematic
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In normal eyesdue to greater pressure in the posterior chamber rather than the anterior
chambertheiris has a conveperiphery In contrast, a flat or concave iris contour may
be associated with plateau iris or PDS, respectivélye ACA is narrowed and
consequentlynot visible in gonioscopyHowever, ly indenting the gonioscopy toward

the cornea, the narrowamgle chamber angtan be openefB1].

2.2.6 Current Glaucoma Treatment

Pharmaceuticals (applied directly or taken oralhfden are the firstommon
treatment for glaucoma These include prostaglandin analogs, beta blockers,
sympathomimetics, carbonic anhydrase inhibitors, and parasympathomi@éiesoma
eye dropscan be ery effective atreducinglOP and prevening eye damage, although
like other eye drops, they can cause side effects on different paRéotsarpine is an
example of aparasympathomimetic. li@ical studieshave reported adding a small
amountof pilocarpne into the anterior camber of the egmredue the anterior chamber
volume andate ofAH productionandincrea® the rate ofAH outflow and the IOR32].

It also reduces the size tife pupil thatcancause a lesséng in vision andcanprevent
normal dilation[33].

Laser Peripherdridotomy (LPI) was first used to tres8CG, although it may be
performed to treaDAG and PDS as wellPI is a procedurevhere asurgeon makes a
small hole in the peripheral iris tadilitate the flow of AH from the posterior to the
anterior chamber.This application allows equilibratinghe pressure between the

chamberswhich eliminatkes the relative pupillary block and eventuallywers the IOP
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[18]. Although LPI is almost performed exclusively in patients with angle closure
glaucoma and is known as safe applicationthere are some risk to considerin this
procedureincludingcornealendothelialcell damagg32], 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 theH around the lens andeducing lens
nourishmen{34]. Several studies have reported that the IOP after performing LPI was
not significantly decreased in patierj&5, 36} Moreover in some cases the surgeon
manages tperform more than one LP18].

While the currentpharmacological and surgical treatneemf glaucomaare
considered quite successful to save remaining vision, they cannot impsiv&@ght.
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 dhe anterior segment, particularlyhe
pathophysiology of the iriswill help usto 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

6¢CKAA 62N)] ¢ aAnhbsiblarfthehteribrkSEgmedt duiiNDydamic Pupil
Dilation and Constriction using Optical Coherence Tomogéaphp & { I N} W2 dzl Rl yA X
Christiansen, $¥ Dorairaj, Alfredo Castillejpdeffrey M. Liebmann, Robert Ritend Victor H.
Barocas, Clinical andg&timental Ophthalmology 2012, review)

3.1 Summary

The purpose of this study wa® texamine thedynamic changes in iris
configuration andanteriorchamber ACA) during pupil dilation and constrictionsing
anterior segment optical coherence tomographg-OCT). Twenty normal subjects
underwent complete ophthalmic examination &®OCT in a controlledlight study
Dynamic changes dnterior chamber (ACand iris configuration were captured during
light-to-dark (dilation) and darko-light (constriction) conditions in a series A8-OCT
images.The relationship between iris parametenss chord lengthcurvature concavity
ratio, aosssectional area, and volumeand AC parameters AC crosssectional area,
volume, andangle openingdistance AOD500) - with changesn pupil diameter were
evaluated.The hysteresis area of each measwadable vs. pupil diameteduring
dilation andconstrction was calculated to examine possible asymmetry between dilation

and constriction at the same pupil diamefEne iris curvature anaoncavity ratio
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increased with dilation whilAOD500 chord length¢rosssectional area, and volume of
the iris decreased significantly (p < 0.05, pairetedt). The reverse occurred for all
measurmens during constction. AC crosssectional area and volume did not change
significantly during pupil dilabn or constriction (p > 0.05No significant effect was
observed in the hysteresis area calculatidise volume of theAC did not change

significantly dumg dilationor constriction.

3.2 Introduction

Angle closure glaucomaACG) is a major cause of irreversible blindng33].
Although the anatomical basis ACCG is not fully understood, closing or narrowing of
the angle is often attributed paupillary block, in which the flow chqueous humoyH)
from the posterior ltamber to the AQs inhibited die to the smalbap between the
central posterior iris surface and the anterior surface of the Hégiser pressure in the
posterior chamber generates a net force that bows the iris anteriorly, resulting in
narrowing of the A@ and blockage fathe aqueousutflow pathwayAlthough it is well
known that pupillary block is a major mechanism cau&\@ys, its contributionduring
dilation is not clearWe have shown theoretical[$8, 39] that pupillary block of the
steadyAH flow (static pupillary block) does not explain tkendency of theangle to
narrow with dilation.Moreover, no significant change in posterior chamber volume was
observedduring dilationby Dorairaj et al[40] All of these studies suggest that dynamic
motion of the iris may provida more reasonable mechanism to capture the behavior of

pupillary block rather thastatic pupillary block mechanism. We define this mechanism
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a s dynamic pupillary block d@n which AH is trapped temporarily in the posterior
chamber and caasthe anterior iris bowing

Iris thickness, particularlyn the iris root region, andris curvature increase
significantly [22, 23, 4143] during pupil dilation while ACA iris crosssectional area,
andiris volume decreasfl6, 44, 45] The stroma is composed of a network of loosely
organized collagen and interstitial flujd5]. Therefore,loss of the iris volume during
dilation may bedue tomotion ofthe extracellular fluid out of the iris and into tA€.

The changes with dilation, howeverre often examined only in light vs. dark
conditions rather thaat a series of light levels, and there is often littntrol over the
light level. Further, effets involving fluid flow - (1) dynamic pupillary block and
trapping ofAH in the posterior chamber, and (2) exudation/imbibitiod\Hf by the iris
stroma[16] - could produce an asymmetry Weten dilation and consttion. 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 blo¢k6-49]. Amini et al. [50] have shown
recently that the posterior location of the dilator can contribute to the antesibowing
using a norpupillary block dependent mechanisAnterior 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 tha t o r mus c |
anatomical location affectheiris configuration during dilationThus, a controlledight

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 dudihgfion and consequently the
mechanism bangle closure with dilationSpecifically, we tested the hypothesis that
there would be a dilation/constriction hysteresis, as would be predicted dyrtamic
pupillary block model.The objective of this work v&ato 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 tife 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 consentll subjects underwera complete ophthalmic examination, including
a review of medical history; measurement of fmstected visual acuity (BCVA); slit
lamp biomicroscopy; Goldmann applanation tonometry (GAT); gonioscopy; #atddli
fundoscopic examinatiorll eyes were nomal on gonioscopic examination and showed
no evidence of a glaucomatous optic dsclOP elevationSubjectswith a history or
current use of topical or systemic medication that coulecathe angle or thpupillary
reflex, those with a history of préwus intraocular surgeryand lasers, anthose unable
to fixate priorto the ASOCT examination wer excluded.One eye was randomly

selected foan AS-OCT examination and analysis. All participants were imaged in terms

24



of the nasal and temporal anglel@®0°) using ASOCT system with resolutior 25em

and a lateral resolution of 2M0 em (1310nm diode laser; Heidelberg Engineering,
Heidelberg, Germany) Images were acquired at different standardized lighting
conditions, grading from light to dark to hg by a single weltrained operator
Participants were asked to sit back after imaging and wait for 15 seconds, during which

the lighting conditions we changedAfter 15 seconds of subject adaptation to the new

lighting conditons, images were +acqured. Subjects were examined in a room
equipped with a 100 W lamp attached to a honagle, pedaactivated step dimmer

switch. The lamp was initially set at full power (100 W), and then was stepped down to O

W (room | it only by tcdmputer)iangl backpuio L00 W int2h e e x a

W incrementgFigure 31).

— s Image #1 Image #3

Power
A —> Image #2
Full brightroom 100 W -+= -
W Image #5
Dark room ow Ti;ne (s)
0 15 60 120

Figure3-1 Lamppower (Watt) over time (seconds). 5 images were taken over 60
seconds when the lighgower changed from full power (10&) to 0 W and 5 images

when the light power backed up to fyudbwer (100W).
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Cornea

Figure3-2 TypicalASOCT imageof one subjectDilation occurredduring the first 60
secondgimages 15) and followed by cortgction during the second 60 seconds
(images 59).
A total of 9 imagesvere captured for each subjebilation occurred between 0
and 60 seconds (imagesb) and followed by constriction between 60 and 120 seconds
(images %9) as shown in Figure-3. Each ASOCT image consists of 944 x 524 pixels

(lateral x axial). The lateral scanning width was set to 15 mm.
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Figure3-3 TypicalASOCTimage.Anterior segment and iris parameters using imageJ
software:The pupil diameteyarea 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.Christianse n)

Anterior segment parametefsr eat image were evaluated hiyvo different
independenbbserversvho weremasked to other test rduand clinical information on
participants.

Quantitative analys of theAC and iris configuratiorfFigure 33) wasperformed
using the ImageJ software available fritaNationallnstitutes of Healtfi51].

The pupil diameter was calculated by drawingea across the pupil margiithe
AC, the nasal iris, andhe temporal irs were traced manuallyand their areas and
centroids (center of areajvere calcuhted via a custorimageJ macrg@points 1 and 2 in
Figure 33). The @nter ofthe pupil was defined as theidpoint of the line segment

joining the centroids of nasal and tgonal iris crosssectional areagoint 3 inFigure 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 foumalbe moreaccurate in slanted imagéeshe AC area
and its centroid (poist6 inFigure 33) were calcuhted. The corneal axis was drawn
throughthe centroid othe AC andthe center othe pupil (the dashed line iRigure 33).
The corneal axis allowed us to divide the AC in two areas (i.e. temporal and nasal AC)
and AC nasal (points 4 iRigure 33) and temporal (points 5 iRigure 33) centroids.
The volume of the solid formed by rotating the AC and iris (both nasal and t@npor
areas around the corneal awias estimated by the following expressions
2 31
2 32
where is the distance between the corneal axis and the cenfroid or AC, and is
the crosssectional area aheiris or AC. These formulas are equivalent to averaging the
volumes calculated separately based on the nasal and temporal halves of thinithage.
case of equal nasal and temporal regidfgatiors 3-1 and 3-2 reduce to the well
established theorem of Papf&g].
AOD500 was measured by drawing a perpendicular line from the corng@0at
em from the scleral spuio theiris surfaceas shown irFigure 33. The sclerakpur 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[S8lerghe iris
chord length was defined ldrawing a line fromthe most peripherapoint of the iris to

the iristip. Iris curvature was measured by drawing a perpendicular line from the chord to
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the iris pigment epithelium at the poititat had the largest distancedm the iris chord
lengthas shownn Figure 33. Theiris concavity ratio was also calculated, defined as the
ratio between iricurvatureand chord lengti50]. Distances were converted from pixels
using the manufacturé s r erdedrfacter of 0.016 m/pixel. Linear regressiowas
performed on both the dilation and constrictiphase to assess sigitance of the
changes observedand the coefficient of determinatiof ) was also calculated
Furthermore, in order to examine the difference between dilation and constriction, the
hysteresisarea, that is the area betwee dilation and constrictiorcurve for each
variable. A small isteresisarea indicated little difference between the diliatiand
constriction curves, whereas a largsteresisarea indicate that quantity of interestas
different between dilation and constriction at the same light |&Ved. average of both
nasal and temporal measured valtarschord length, curvature, ACEDO, and AC and
iris crosssectional areasvas used for the analysignless stated otherwise, values are
reported as meat 95% ClI. Effects withp-value less than 0.0 < 0.05) were deemed

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

3.4 Results

The 20 subjects had mean age of 32 4.2 years, 40% were Asian (8/20), 55%
were Caucasians (11/20) and 5% (1/20) was African American, incl@dfagale and
12 male subjectszigure 33 shows the change in each measwadable for dilation (t =

0-60sec) and constriction (t = 6IR20 secphasessingsimple linear regression
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3-3
where , are theslope and interceptrespectively and the linear regression results
including p-value, andR-squared ( ) were calculated andeported inTable 3-1. As
summarized inTable 3-1, all parameterschanges significantlyduring dilation and

constrictionexcept forAC crosssectional area and volume.

Table3-1 Summary of linear regression model

Parameter[value (t)- value(t=0)] Intercept( ) Slope( ) p-value
Dilation (t = 360 sec)
Pupil Diameter (mm) 0.056 0.022 <0.0001 0.99
Iris Area (mrf) 0.003 -0.004 <0.0001 0.99
ACArea (mm) 0.235 0.004 0.482 0.18
LNRA& x2fdzy¥S o6>[0 -0.188 -0.059 <0.005 0.98
ACxt2f dzY§S o>[ 0 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 5.63e4 <0.05 0.86
AODS500 (mm) -0.015 -0.004 <0.05 0.98
Constriction (t = 60120 sec)

Pupil Diameter (mm) 3.222 -0.032 <0.005 0.97
Iris Area (mrf) -0.646 0.006 <0.005 0.97
ACArea (mm) 0.845 -0.006 0.883 0.88
LNRAR& x2fdzyS o>[ 0 -7.002 0.059 <0.05 0.87
ACx2f dzYS 6>[ 0 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 -5.08e4 <0.005 0.93
AOD500 (mm) -0.437 0.002 <0.05 0.93
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As expected, the pupil diameter changeghificantly with light level Figure 34
a). There was no significant change of AC crgsstional areaHjgure 34b) or volume
(Figure 34c). Unlike the AC, the iris crossectional areaHigure 34d) and volume
(Figure 34e) both showed a significant decrease with dilation arsignificantincrease
with constriction, consistent with observatidmg othes [16, 44] and wth the idea that
there is fluid transfer li@eenthe iris and theé\H. 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 measurementrigure 34b and c.AOD500 decreased
during dilation and in@ased during constrictionFigure 34f). The iris curvature
increased with dilationHigure 34g), and the iris chord length decreaséty(re 34h).
Therefore, the concavity ratio increased with dilatibiggre 34i). The reverse occurred

for all three neasurements during constriction
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Figure3-4 Linear regression analysis showing the change of measured variable from the

Time [s]

Time [s]

Time [s]

initial (t=0 sec) case for dilation (t =60 sec) and constriction (t = @20 sec). During

dilation, the pupil diameter (a) increase significantly, fk@crosssectional areal), and

the ACvolume (c) do not significantly changed. The iris ceesgional area (d) and the

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

increased, and the conciy ratio (i) increasedThe reverse occurrefbr all measures

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

Themeasurementhat exhibited a significant change with dilation/constriction in
Figure 34 were further examined by plotting each variable vs. pupil diameter for both

dilation and constction (Figure 35). Figure 35a shows the AOD500 measurements and
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also how the hysteresis araad pupil range were defineds can be seen from the
averge data ofFigure 35, the AOD500 Figure 35a) was higher during dilation than
constrction. The iris crosssectional area showed very little hystereSBigire 35b), but

the iris volume was higher during dilatigiigure 35c). The iris curvatureRigure 35d)
showed a difference for small pupil diameters but was largely independent of
constrictiondilation directon for large pupil diameter&Vhen thecurvaturewas divided

by chord lengthKigure 35e€), the resulting concavity ratid-igure 35f) showed similar
behavior i little difference between constriction and dilation for the largepilp

diameters, but a divergence between the two curves for small pupil diameter.
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Figure3-5 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 = 2@ynamic dilation (D) and constriction (C) are show
in blueand red arrows, respectivelf¥ypical hysteresis area and pupil range

measurements (for AOD500) are demonstrated in (a).
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Table3-2 Hysteresis area for measured values (me&9%%CI, n = 20), anp-value

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

The hysteresis arewas also calculated for each individual patient, and the
summary datare presented imable 32. There was no significant hysteresis at the 95%
confidence level (p > 0.05 for all quantities), e 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 changein the measured parameters during dilation and constriction were
also investigated by comparing all measured \&alue initial and final imagesThe
lighting conditions in initial and final images were the same (lamp at 100 W in both
cases), but the pupdiameter and AOD500 decreased significantly by an average of

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

Other parameters dicbhchange significantly between the two fligiht conditions.

35 Discussion

Beforediscussing the results tiis study in the larger context, we compare them
to the recent work of Cheung et B3], who examined ghamic changes in iris contour
following an abrupt change inght level from dark to lightThey broke the response
down into three groups: concawencave (iris remaed concave in light and dark),
convexconvex (iris remaied convex in light and darkland concaweonvex (iriswas
concave in light but convex idarkl. Compar i ng our results to
subjects with open angld-igure 36), we see that our data fell into similar groups.
Cheungbds experi ments s howmethkecoavedtanghgroup f r act
than oursWe suspect that this is due to the younger age of our subjects (32.7 years old
VS. 52. 4 f o r -andlzh seihjectg),0 marticudapye given the correlation of

convexity with agg43, 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 [@3].

There was a gnificant difference between the pupil diamster the initial and
final images. At the initial and final pupil diameténe intensity of light is the same, but
this difference could be explained by the dadaptation of the retina. The pupil could
havebeen more sensitive at the end of the experiment, causing a smaller pupil.

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

have reported residual angle clos[88, 36, 55] and the mechanism by which the angle
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narrows during dilaon remains poorly understoodhe different theories regarding
dilation-induced angle narrowing are discussed in subsequent paragraphs in the context
of our results.

Quigley and other§l6, 44, 45]have put forward the idea that the iris loses water
volume in normal individuals during dilation but notACG patients, suggesting that the
reduced ability to change iris volume during dilatiasrdes the iris into the angl&he
current study, which involved only normal subjects, obviously cannot address the
differences between normal a®€CG patents. Nevertheless, we observed a small but
significant decrease in iris volume during dilation and a corresponding increase during
constriction, which was consistent with previous studidthough the hysteresis area
was not significantly different from zero, there was a slight overshoot in the ias&p
with the volume continuing to decrease during the first constriction step even though the
pupil diameter was decreasind.his overshoot was not seen in the AODS500
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 Barocg89] proposed the idea aflynamicpupillary 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

accommodateAH trapped in the pdsrior chamberDynamic 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 hystenssin our study has three reasonable explanations: (1)
dynamicpupillary block is not an important effefh normalor angle closure patients)
(2) dynamicpupillary block is not an important effect in normal subjdxisis important
in angle glaucoma piants or (3) the time scale of the experiment was too short for the
dynamicpupillary block effect to be relieved, which would be necessary to create the
hysteresis. Further studies, clearly needed to distinguish among these explanations, are
now possib¢ based on success of the current study. Stability of AC volkigeré 33c),
combined with our prgous observation that PC volume is stable during dilation,
suggesting that there is a minimal flow between AC and PC during dilation and
consistentvith dynamicpupillary blockconcepts

We have alsd50] suggested that the posterior placement of the dilator muscle
within the iris contributes to the anterior bowing that occurs during dilation. This
mechanism, which coulevork 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 enougp-value to suggest that a larger study, perhaps in combination with
a study on narrovangle subjects for comparisorould yield a significant effect. If the

hysteresis were to prove significant, it would raise the question of howanijie 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 géoenetric
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 thaioth pupil diameter and AOD500 decreased over
course ofthe 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 angleendsto narrow with dilation and open with constrictidfiqure 34a,

24c, 2 4f), the starto-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

60¢CKAA 62NJ)] ¢ aCohftibMbn ofDifferénKAatdniicalhdlPhysiological Factors
to Iris Contour and Anterior Chamber Angle Changes during Pupil Dilation: Theoretical &nalysis
by Sara JouzdariRouzbé Amini, and Victor H. BarogdsvestOphthalmol Vis Sci 2012
Submitted

4.1 Summary

In this study we investigate the contribution of three anatomical and
physiological factors (dilator thickness, dynamic pupillary block, and iris
compressibility) to changes in iris configuration aaterior clamber 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 ditaintraction was
applied by imposing stress in the dilator region. Three sets of parametersowgrared
in the simulations: (1) a THIN (4 &m, 1%
the full thickness iris) to quantify the effects of dilatsratomy, and (2) in the presence
(+PB) vs. absence of pupillary blockPB) 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 effadtiris volume
change. Changes in the apparentlgiss contact andngle opening distancAQD500)

were calculated for each ca3éde THIN case predictedlargeincrease (average 700%)

in iris curvature compared to the THICK case (average 70%), shdiat 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, respectivelyris bowing during dilation was drivenrimarily

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 AOD500.
Incompressibility of the iris, in contrast, had a relatively small effectisrcurvature 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 dil§#&8n56] Three
potential causes fatilation-inducedangleclosure all meriting further consideration, are
thefollowing: posterior location of the dilator muscle, (dynamic) pupillary block,iasd
volume change (or lack thergofThese three physiological eftscarereviewed in the
subsequent paragraphs.

The dil ator m ucxation eardd shickanesaffecoirm icanfggliration
during dilation In human eyesthe dilator is located on the posterior surface of the iris
with a thickness of 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
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dilation by a pocess independent of tiAd¢d 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.

Mapstong[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 hesadig been
invoked in association with the steady flow of the AH throughptheil [58-60]. Huang
and Baroca$39], however, showedhat steadystate 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 pressuze 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
lensgap, the pressure in the posterior chamber will rise and bow the iris to the anterior.
We refer to this phenomenon as #fAdynamic
motion of the iris providea more reasonable mechanism by which dilation could induce
bowing than does th&aticpupillary block mechanism.

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

angleclosure. They proposed the idea of iris relative incompressibilipngle closure
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glaucoma ACG) patients Aptel et al.[44] reported snilar results foropen angle
glaucoma QAG), the control groupand ACG patients. Quigly et al [16] have argued
eloquently thatACG patients have less tendency to lose iris volume duel&tive 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 angl&CA).

Thus, we considezd three distinctive factors aspossible contributors to the
narrowing of the angle during dilation:

(1) Posterior location of the dilator muscle

(2) Dynamic pupillary block and trapping 8H in the posteriochamber.

(3) Exudation/imbibition of AH by the iris strom observed asrelative
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, ¢ 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 axisymmetriccomputational model of the anterior segmi@&, 39,
48, 49, 61]was modified to simulate pupil dilatiomhe modeldomain representingné
anterior segment was divided irttte AH and irisas shown irFigure 41. The governing
Equatiors of each component are presented in the following secsrshown inFigure
4-1, the rest state of the iris was assumed to beaplaith 3.0 mm pupil dameter.
Geometic and mechanical parameters used in model development were based on
published datal{able4-1).

Anterior

Cornea

Trabecular meshwork

3.0 mm

Posterior

Figure4-1. 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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Table4-1 Geometric parameters anghechanicaproperties of the tissues in the model

Parametefaverage 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 kPg66]

The finiteelement(FE) meshes were generated using GAMBIT (Fluent Inc.,
Lebanon, NH) via the paving technique. The GaleR&method was employed to solve
the mathematicalequatiors, as described previousl#9]. The pressure difference
bet ween the posterior and anterior chamber
were calculated during simulated dilation. The apparentens contact was defined by
the distance over whicthe iris was within 80 um from the lens. AOD500 was defined
as the perpendicular distance from the trabecular meshwork to the iris surface at a point

500 pm from iris roofFigure 41).

4.3.1 Model domains and equation s

The two physical domains of tleeisymmetric model werdé AH and the iris.

46



4.3.1.1 lris

The iris was considered a nelmokean solid described by Cauchy momentum
equation
4-1
where is the Cauchy stresswhich for a neoHookeanmaterial is defined by the

following equation
— S 4-2

wheresi s t h e s rRtio,iGsisstlee rstiear modujumnd is the identity matrixThe

deformation gradient is defined by
— 4-3

4-4
with x being the current position of a material poiKt,being its rest positionThe
gradient and divergenaperators were with respect to current coordinates.

In Equation 42, the iris is modeled aspassivetissue.However, the activation of the
two constituent muscles of the iris could affea thiomechanical parameters of the iris
and AH flow. The iris comsists of three main components: the stroma, sphincter iridis
muscle, andlilator pupillaemuscle.The stroma is a collagenous connective tissue whose
loose nature allows AH exudation/imbibition during dilation and contraction. The
activation of the two catituent muscles of the iris, trgphincter iridisand thedilator

pupillae,controls the iris motion. Fibers of tlddator pupillaeare 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 constréctcbf.0
mm maximum dilation, respectively 2]. In this study we are simulating dilatio8ince
the exactcontribution of thendividual musclego 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 overRimed 4
2) was simulated by imposing an additional str@ssop ofthe neeHookean stress along

the dilator in the radial direction as defined by the follongngatiors:

4-5

4-6
where and represent thetressof the dilator and stroma, respectively and
were replaced iCauchy momentunmequation (Equation 4-1). is the unit vector

representing thdirection of nordeformed dilator muscle (i.e. radial direction), @hd
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 stud@g. Based on Cr awf or dao
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pupil diameters changed fro80 mmto 54 mm during 10 second3he rest state of the

iris was assumed to be planer with 8on pupil diameter
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Figure4-2 Pupil diameter vs. time during dark adaptationditation simulationsthe
variation of pupil diameter over time vgaconsistent with published clinical dafé7,
68]

4.3.1.3 Aqueous humor

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

NavierStokes equatiors for the momentum and continugguatiors:
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where is vebcity, is stress tensor, is pressure, is density, is viscosity, and is
identity matrix AH has a density , of 1000 kg ri¥ [69] anda viscosity , of 7.5 10*

kg m'stat37°C

4.3.1.4 Aqueous humor: pseudo -solid domain

In order to determine the displacement of the fluid domain, a pssaldiomethod
was used70]. In this method, the fluid mesh was represented as a linear elastic solid
usingthefollowing governingequatiors:
4-10
4-11
where and are Lamé coefficients.he displacement from thest position , andthe
Eulerian strain tensor , aredefinedby:

4-12
— 4-13

Divergence and thergdientarewith respect to the current coordinates.
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4.3.2 Boundary conditions

The boundary conditions of the governiaquatios of the system are discussed

in the followingsections.

4.3.2.1 Corneal Axis

The eye is assumed to lsgmmetric about the axis perpendicular to theslen
(corneal axis)The boundary condition on the corneal axis is imposed sohatelocity
normal to the axis of symmetry , andthe derivative of the axial velocity , with
respect to the radial direction azera

4-14

S 4-15

4.3.2.2 Lens

The lenss modeledas a rigid solid surfagandthe neslip condition dictates that
the velociy of theAH be zero
4-16
The lens capsule is quite stiff @ 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 angrescribe its position and movemgedepending in the nature of problem

[see chapteb).
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4.3.2.3 Vitreous

The vitreoussurfacewas alsdreatedas a fixedigid boundary inthe pseudeolid
domain.Therefore, the nalip condition dictates that the velocbf theAH be zero
4-17
Moreover, a free normal traction condition of the vitreous surface was implied.
Since the rateof 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 pssalidbdomain Also,
the noeslip boundary conditiomwasimposed on theorneal surface
4-19

4-20

4.3.2.5 Trabecular meshwork and Ciliary body

Similar to thecornea, the trabecular meshwankd the ciliary body wemmodeled
as rigid surfacein the pseudeolid domain:
4-21
The AH flow is secreted from the ciliary body and mostly exits through the

trabecular meshwork he rate ofAH secretion is largely independentI&fP [72] and is
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about [73-75]. For theinflow (ciliary body) and the outflow (the trabecular
meshwork) a parabolic velocity strongly was impodedsatisfy the followingequation

4-22

4.3.2.6 Iris -aqueous interface

On the irisaqueous interface, the velocity of the iris and the AH wegeiredto
be equal in order to satisfiied naslip boundary conditiorShear stress generated by AH
flow deformedthe inteface of the irisAH. The displacement of the irisas calculated
by setting the viscous traction in the fluid equal to the elastic traction exerted by the iris
at the irisAH interfaceTherefore the traction in the fluidvas set equal to the traction o
the solidsurface
4-23
The aqueous velocity on the Hagjueous interfacsurfacewasenforced stronglyo be

eqgual 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
hypothesiswas examined by modelinghe iris as compressible material, e3g= 0.3
(Equation4-2). Theextracellular fluidprobably moves out mostly from the anterior side
of the iris (the stroma) into the anterior chamber. The volumiv ratewasmodeled

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

The volumetric flow rate, , can also be calculated via the following
equatiors:
4-26
4-27
where Is a unit vector normal to the iris surface at the each node along

the irisaqueous interfacand  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, , wasdefined by the followingequation

4-28

wheroe aindod air e t he nodal and tempor al i ndi ce.

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

surface of the iris. Thereforthe average extracellular fluid velocity, , IS
definedby:

4-29
where Is the area of upper surface of the {fisgure 43). The

average extracellular fluid velocityas appliedat the irisaqueous interface. Since the
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curvature of the iris is dependent on tichgingthe pupil dilation under the assumption
thatthe velocity moves out from the iris uniformly, the aqueous veloEigyétion4-24)

wasmodifiedto

— 4-30

Aqueous humor (AH)

iris-aqueous interface

Vextracellular fluid

Upper surfac:e of iris-AH interface

Figure4-3 The extracellular fluid was added to the 1aqueous interface to account for

iris volume change duringjlation.

4.3.3 Contact between Iris and O ther Tissue

The iris thickness, particularlynear 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 trabecutaeshwork (TM). Similar behavior occurs at the
pupillary margin as the iris tip apmohes the anterior lens surfdd@&]. Actual contact
between two smooth surfaceghgatricallyimpossible due to lubricaig AH flow at the
contact region. In the numerical procedure, however, the overlap of the two surfaces can
occur andlead to failure of the simulation. In order to prevent-irld and irislens
overlap, artificial stresses were introduced on the iris nodes to erdarecontact zone
between the iris and lens (or THA8]
— 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, andbeing the minimum distance from
the iris to the lens or TM. The coefficientorresponded to how far the-gontact zone
extended into the AH, and the coefficient A corresponded to how strongly tbentact
zone was enforced. The effect of the contaetvention force between the lens and iris
on apparent contact was examimedviously[48]. Bas ed on H&,yhevnluesor k
of and Ajens used in all +PB studies wefe4 pmand 5 10" Pa, respectively, to
prevent overlap between the iris and the leR8 was modeled by applying adter
artificial stress on the iris normal to the lens by using = 4.0 umin Equatior4-31.

The contacprevention force depends on the distance along the iris over which
the force is appliedrigure 44 shows the effect of that distance on AOD5868 shown
in Figure 44, if the contacprevention 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 Ay were set in such way that they had the minimal effect on the outcome. Based on
the data irFigure 44, the maximum values of andAmy used in all studies were 16

umand 5 10" Pa, respectively.

I I I I ! I I I I
0.58 = 0.58
0.57 1 0.57
(S
E o056} 10.56
o
B 055 Used in the simulations 0.55
8 el (error < 0.1%) 1
<
0.54 10.54
- ~
0.53 fam——=— : los3
L 1 .
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g [um]
Figured-4 The effect of the contaeprevention force between the TM and iris on

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

contactprevention forces were applied over a longer distance.
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4.3.4  Aqueous (fluid) domain remeshin g

A major computational challenge was remeshing FeRedomain as the pupil
diameter increased. As the idgated, elemerd along the irislens gap distortedn order
to minimizethis distortion, theFE nodeswereallowed to slide along the lenghesliding
method of nodes on lens surface following the iris node was explained in detail in Dr.
Rouzbeh Amind dissertatiorj76]. However,as the pupitliameter continued to increase
muchlarger deformatiosarcse, particularly near the pupil margin, that tedlivergence
of the solution.In order tomaintain convergence fothe solutionand prevent extreme
element distortionthe simulation was stopped a certain time wherhe solution was
acceptableand thedomain was remeshed. It was sufficient to remesh trdyfluid
domain.Theiris-aqueous interface velocifield was imposed on the new AH mesh and
the steady state fothe new AH domain was determined assuming the iris domain was
fixed andthe velocityfield for all thenodesof the newAH meshwere obtainedThe iris
solution fromthe stop pointand the new steady state solution for the new AH domain
were then used to simulate tbentinuedof dilation and the subsequeintrease in the
pupil diameter.

The deformation gradient should be alwayth x being the current position of a
material pointandX being its rest positionHowever, for simplicity, we used the chain

rule of diferentiation

— N 4-32
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with x being the current position of a material poiXtbeing its rest positignand

being the position of a material poattstop point(Figure 45).

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

Figure4-5. Motion of a body with respect to two different reference configurations.

4.3.5  Study design and impl ementation

Study Design and Implementation

In order to investigate the effects of three factodilator thickness, dynamic
pupillary block, and iris compre#ility - 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 THiMtor 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 flustructure intera@n model.-PB was modeled
by applying arartificial forceacting on iris nodes in the direction normal to the lenticular

surface at the irens gap (Sesectiond.3.3).

3) Incompressible vs. Compressible iris

For the COMPRESSIBLE iris case, the iris wasdeled as a compressible Reo
Hookean solid witiP 0 i s s 0 138 ®.3, for the INOGOMPRESSIBLE iris case, the iris
was modeled as a nearly incompressiblelHeokean solidwitiP 0 i s s o 38&49r at i o
In the compressible iris model, aqueous was assuogalat 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 se(Bigise 42).
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4.4 Results

We begin by comparing briefly trenatomically 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 curvaturesesult consistent with our previous findifgp] that the
THIN dilator drives curvature of the iris during dilation. Perhaps more importantly,
Figure 46 shows that the THICK dilator caused the iris to dilate in ailgalpcking
manner, so the elimination of pupillary block had no effect (+PB-Bflcases nearly
identical inFigure 46a, 4.65b). Incompressibility of the iris led to a decrease in AOD500
for the THICK dilator caseHRigure 46c, 4.6d), but because the s@t 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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Figure4-6 Mechanical responsef two THICK cases: (a) COMPRESSIBLE and (b)
INCOMPRESSIBLE iris in the presence of pupillary (elo#kdecrease of AOD500 and
(d) pressure difference between the posterior and anterior chamber
Figure 47 shows the iris contour for each of the four NHtases (+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 canteatitilly, pushing
the iris stroma into the angle. The combination of the two effects is seen in thddtiwer

panel ofFigure 47.
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Compressible

Incompressible

+PB -PB

Figure4-7 Changes in the iris profile amdCAfor four THIN cases.

The results offFigure 47 are further quantified and analyzed Figure 48.
Examining the details of the iris contolidure 48a), it can be seen that the pupillary
block effect drives curvature of the iris, and that this effect is more pronounced in th
case of a compressible iris. The curvature seen iiiRiBecases is attributed to the thin
iris since there is no significant pressure difference across the iris. The amounrleoisiris
contact (Figure 48b, only the +PB caseavas considered since irkens contact was
artificially eliminated in theil PB case) decreased slightly in the incompressible case.
AOD500 decreased moi@&igure 48c) in the presence of pupillary block and for the

incompressible rather than the compressible iris. The combined eff@¢iIN 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 postentarior pressure drop in the

+PB casegFigure 48d).

(a) (b)
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Figure4-8 THIN casega) % increase of iris curvature, (b) % decrease dems contact
(c) % decrease of AOD500, and (d) pressure difference between the posterior and

anterior chamber.
Among all the caseshe least decrease AOD500 and the pressure difference

between posterior and anterior chambes#® = Rosterior- Panterior » Obtained in the case of

THIN dilator, -PB, and COMPRESSIBLE iris. All othe other choices (THICK,
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INCOMPRESSIBLEand +PB, either singly or in combiinan) 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 in@mpressible material, there would be no volume loss).

45 Discussion

As summarized iTable 42, computational models of the anterior segment have
been developed previously to study phenomena such as miosis, blinking, reverse
pupillary block, etc. To our kndedge, the present study was the first theoretical study to
examine the idea of dynamic pupillary block during dilation and the role of iris

incompressibilityin angle closure.
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Table4-2 Comparison of théheoretical models of the anterior segment

Methods

Investigator

Aqueous

Iris

Other information

Humor (Incompressible)
Heyset al. 2001 | Transient Linear elastic Mecha_ml_cs Ozf th_e healthy;ye, s
: constriction * blinking, and iris
[38] Stokes flow Passive . )
bombé were studied.
Accommodation in healthy ey
Heys and Barocg Transient Linear elastic| and pigmentary glaucoma we
2002[48] Stokes flow Passive studied. The lens wasonsidered
as a moving rigid boundary.
Huang and Steadystate _ . Pupil constriction in the he_alth
: Nonlinear elastic| eye and PCGA eye along with t
Barocas 2004 NavierStokes . . .
Active PCGA anatomical risk facs were
[39] flow :
studied.
. The accommodative micr
Huang and Transient . . . .
) Nonlinear elastic| fluctuations were studied. The ler
Barocas 200€¢ NavierStokes . . . .
Passive was considered as a moving rig
[77] flow
boundary.
Corneoscleral indentation we
Amini and| Transient Nonlinear elastic modeled to study reverse pupillal
Barocas 201(¢ NavierStokes : block mechanism. The indentatic
Passive - :
[49] flow was modeled byosterior rotation
of the irisroot
Amini et al. 2012 Excluded Nonlinear elastic Anterior bending of the iris durin|

[50]

dilation was studied

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

diameter have been examined in several clinical stydi&s53] Concavity, shortening,

and thickening of the irif22] and consequently narrowing anterior chan@&} during

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

recently, dynamic changes and amaical 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 effectstbree anatomical factois(1) the posterior location

of the dilator, (2) dynamic pupillary block during dilation, an@3) iris relative
compressibility.

All eight case studies showed that AOD500 decreased significantly during
dilation, a resultconsistent with several clinical observatigd8, 78] Leung et al[78]
showed that the changes of AOD500 were significantly higher in eyes with remgies
than in thosevith operangle in response to dalight changesQuigley et al.[16] and
Seeet al. [45] showed that the iris loses water volume in normal individualsng
dilation but lessvolume in ACG patiens, suggesting a relative incompressibility for
ACG patiens. 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 secohds
had less change in AOD500 compared to models with incompressibility of the iris. The
9% volume change is smaller than the ~15% volume change determin€LVidy
Aptel et al.[44] but was deemed sufficient to cpare to the incompressible case.
Finally, to provide a more clear presentation of the results, only the simulation
predictions fora = 0.3 and3 = 0.49 (explicitly referred as compressible and
incompressible cases) have been included in this paper. Qiiesstél the intermediate
values (results not presented) showed a smooth transition in AOD50® froh3 to

0.49.
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When the entire thickness diie iris was simulated as the active tissue, the
anterior bowing ofthe iris during dilation was insignificantn the case ofPB, the
presence of artificial force on the iris, prevented anterior bending of the iris and caused a
slight angleclosing artifact. In the cases with a THICK dilator, less change in iris
curvature and consequently less decrease in AOD%98 seen. A thin dilator on the
posterior surface of the irisaused more bending of the iris and more decrease in
AODS500, suggesting the importance of the anatomy of dilator during dil&mmi 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 irisln the cases with a THIN dilator, the pupilldypck effect
drives curvature of the iris whexe 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 ad 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 andreturning 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. ifieevas modeled as a compressible
or an incompressible nddookean 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 andens contact were
calculated. Before blinkingthe iris was bowed slightly toward thpsterior and the
pressuren the posteriochambemwas slightly higher thathat in theanteriorchamlers
for both compressible and incompressible models. After blinking, thaselittle small
change in iris curvature and Hisns contact. As accommodation and pupil constriction
constriction begarthe pressure was elevated in #r@erior chamber (revee pupillary

block), causingmore pronouncedoosterior bowing of the iris Immediately after
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accommodation and constriction, #ens contact length and AOD500 increased by
approximately 10 % and 23% (average values), respectively while the pressure drop
across the iri-850da dngeaties accbmniodaticanl comstriction

(300 s) the pressure in the posterior chamber again became higher than anterior chamber
for bot h model sHoWesslP, obtaining 2h& .same Resulis.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 synergis@itinical studies have shown that
accommodatiorieads 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 iriswasincompressiblesuggesting that changes in iris volume could play a role in

PDS[24] similar to that seen in angle clos(i®].

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 thePkvris et al.[47, 79]
proposed the idea of posteriorbowing of the iris as the lens mowe during
accommodationHeys and Barocd¥8] developed a detailed computational model of the

anterior segment and examined the hydrodynamic effects of accommodation on the iris

curvature Consistent with  UBM measuremen{80], Heys and Barocas
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predicted that the curvature of the iris becomes more concave as a result of

Sphincter K.,
IRIS ' >

accommodation.

Figure5-1 Schematic cartoon of puplllocking force that holds the iris tip near the lens

Following Heys et ab svork, Huang and Baroca$39] extended the modeb
investigate active iris deformatioy imposing anadditional circumferential normal
stress representing the contraction ofgpbincter iridisand alteing the linear elastic iris
to a nearly incompressible nétobokean solid, their model was able to confirm
Mapstoneds pupiMapstangy7] ppoposecthatthe gugl-blocking force
(Fee) is the sum ofctive force in thesphincter iridis(Fsprn) andpassiveforce acting on
the irisroot (Fr). The pupil-blocking forceholds the iris tip close tothe anterior lens
surface regardless tie pressure between posterior and anterior chamber (Fig)re 5

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

simultaneous accommodation and pupil constriction. Pupil constriction and
71



accommodion have been studied in separately computational md@8ls48, 77]
Nevertheless, none of them has fully captured the complex problem offitucture
interaction betweethe 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 betweeaccommodation 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 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 blingi the following changes were

applied in the anterior segment model:

53.1 Accommodation

Accommodationwas modeled by moving the boundaf the anterior lens
surface Koretz et al.[81] describedthe anterior surface ahe lensas a function of

distance from theorneal axis by a parabolic function:
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where and are radial and axial coordinatef the anterior lens surface. Tperametes

and are timedependent and were calculatdassuming that there exists a position
at the lens periphery that remains fixd8lased on the fact that the human eye
accommodates principally by varying lens curvature and not posifighe 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 §8@$. Under steady conditions,
the initial position of the lensag set such that the calculated anterior chamber depth was
approximately 3 mmgonsistent with data for a normaye [82, 83] We assumed that

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

532 Constriction

The sphinctera circumferentiallyaligned smooth musclas located vithin the
iris near thepupillary margin.The smooth musclébers are about 788 00 e m i n wi d
and1001 70 e m i n t hi ¢4k Nhe spbkinctershortesimoren@nrcantraction
than other smooth musclel the model, the sphincter elements were localized in
pupillary margin as shown in FigureZ, and the rest of the iris was modeled as stroma

(passive) material.
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Stroma (passive)

Sphincter (active)

Figure5-2 TheSphincter section localized within pupillary margout 750> Y Ay ¢ A R K
I Y R mninshickness.

The model incorporatedctive sphincter contraction bgnposing an additioal
circumferential normal stresen top of the nedlookean stressas defined by the
following equations:

5-2
5-3
where and represent thestressof the active (sphincterand passive
(stroma) respectively and wengsedin Cauchy momentunequation(Equation 41).
is thenormalunit vector representinig the circumferentialdirection ( ), the symbol
represents dyadic producand IS a scalar stress acting @phinctermuscle in

circumferentiadirection toconstrictthe iris.
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5.3.3  Blinking

5.3.3.1 Iris root

Based on our pervious stud§l],we simulatedeach blink as 80 mef closing
during which the iris was rotatgmbsteriorly, 200 ms openinduring which the iris was
rotated back to the pitelinking position anda hold during which the iris maintained at
the pre-blinking canfiguration for 220 msto complete the thresecondlink period[84,
85]. These steps were repeated over time to simulate blinkilsgroot rotation was
imposed as a Drichlet boundary coratit 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 pseudsolid domain on the ciliary boundary where a netowflof 2.5

was strongly imposed to satisfy the following equation:

5.3.4  Study design and impl ementation

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

on changes of iris profile:

75



SEQCOMP (sequentiatompressible) and SEQINC (sequential

incompressible) accommodation occurred over 0.5 gridg 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 (03) and a nearly
incompressible3y = 0.49 material INSEQCOMP and SEQNC, respectiely.

SIMUL-COMP (simultaneousompressible)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) ard
20 kPa was apjgd to the sphincter section (constrictiofihe iris was modeled as
compressible and nearly incompressible materiabliMUL-COMP and SIMULINC,
respectively.

In all four cases, at the beginning of each simulation, blinking was performed
during aninitial 10 s period over which 3 blinks occurred. Figur8 & a schematic
illustration of different cases. Théa&nges inthe apparent iribens contact, AOD500, iris
curvature, and pressure difference between posterior and anterior cha®beRosterior

- 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)

Figure5-3 Four different cases were simulated.dases oSEQCOMP and SERQIC
accommodation and constriction were simulated simultaneously for compressible and
incompressible iris, respectively wheredases oSIMUECOMP and SIMUNG
accommodation simulation was followed by constriction for compressible and

incompressible irigiespectively.

54 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 When the iris root was rotated backit® original
position after blinking, small increases in AOD500 (Figusé¢a and apparent irigns
contact distance (Figure-4b) were predicted, indicating that the iris was close to the
lens. The iris concavity (Figure-4c) andae P(Figure 54d) decrased slightly in both

compressible and incompressible models.
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Figure5-4 (a) % increase of iris curvature, (b) % decrease deimis contact (€) %

decrease of AOD500, and (d) pressure difference betvwleemposterior and anterior
chamberafter 3 blinks at t = 10 s for compressible and incompressible models.

The aqueous humor pressure distribution and iris profilecése ofSEQ COMP
(sequentiakompressiblejs shown in Figure 5. After three blinkgFigure 55a), the iris

is nearly linearwith a slight pressure difference between the posterior and anterior

chamber s ( aButafter acdommodadabgure 55b), the iris concavity is
significantly increased because of reverse pupillary bloceP -6.6: Pa). Constriction

caused a more pronounced changesr -35.0 Pa as well as greater iris curvature
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(Figure 55c). Finally, when the eye was allowed to stay accommodated and constricted
for 420 secondsHgure 55d), pupillary block and steadyeesretion of aqueous into the

posterior chamber drove the iris away from the lens.

(a) (b)

(c) (d)

Figure5-5 Iris profile and aqueous humgressuredistribution for case 0 SEQCOMP
(a) after blinking (t = 10 s) (b) aftaccommodation and beginning of pupil constriction
(t = 10.5 s) (c) after pupil constriction (t = 11.0 s)qdy after accommodatioand
constriction(t = 420 s).

Theaqueous humor pressure distribution and iris profilecése ofSIMUL-INC

(simultaneasincompressible)are shown in Figure . The combination of pupil
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constriction and accommodation produced significant posterior bowing of the iris

immediately after accommodation and constrictiéigre 56c).

(a) (b)

(c) (d)

Figure5-6 Iris profile and aqueous humor pressure distributzase ofSIMUECOMP (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)lddy afer accommodatiorand
constriction(t = 420 s).
Figure 57 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 (Figur@}p and the ACA get wider

asmeasure by an increase in AOD500 (Figuréb$. 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 57c. There were significant increases in apparent contact during accommodation

and constriction for all cases (Figur&’8).
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Figureb-7 (a) % increase of iris curvature, (b) % decrease demis conact, (€) %
decrease of AOD500, and (d) pressure difference between the posterior and anterior
chamberat t = 10.5 s and t = 111sis is modeled as compressible material in cases of
SEQRCOMPand SIMUECOMPand as incompressible material in caseSBQNCand

SIMUEINC
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At t = 10.5 s, which is the end of accommodation simulatom at t = 11 s,
which is at the end of accommodation and pupil constriction, the iris bowed posteriorly
approximately 500% and 600% BEQCOMP and SEQNC (Figure 57d). These
results indicate that posterior bowing of the iris was affected more by accommodation
than by constriction. However, as shown in Figu®cbthe pressure difference between
posterior and anterior cambers was influenced by constriction.

Comparing the redts of SIMUL-COMP and SIMULINC at t = 10.5 s (at the
middle of accommodation and constrict@multaneoushsimulations) and t = 11.0 s (at
the end of accommodation and constricttamultaneouslysimulations), we see that the
rate of change in calculateparameters were not linear. However, our results also
predicted that accommodation followed by pupil constrict®BE@Q COMP andSIMUL-
COMP) each during 0.5 s and accommodation and pupil constriction simultaneously
during 1.0 s $EQINC and SIMUL-INC) were nearly the same. All of the calculated
parameters returned to their goknking steadystate values over 420 s.

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

AODS500 (Figure 57b) andadP (Figure 57¢).

55 Discussion

Clinical studies have shown that accommodation leads to posterior bowing of the
iris, particularly in PDS patients who have a flaccid and/or smallg@iris79] 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 fast@gtry

from the initial posterior displacement after accommodation occurred in PDS patients
(probably due to a fireverse pupillary bl oc
applied to accommodation as well as constriction; the anterior motithe 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 increa$dis-lens contat In normal eyes, similar effects

were also caused by blinking or accommodation.

The posterior bowing of the irie PDS patients can be reversed witeyention
of blinking, or pharmacologic miosig87], and LPI [79, 87] but is increasd with
accommodatior86]. Liu et al.[88] examined the changes of the iris contour ofguas
with PDS after blinking, accommodation, and pharmacologic miosis (a drop of
pilocarpine2%). They found that the concave shape of iris became planar with blinking
and only became posteriorly curved when accommodation was induced. Pupil
constriction cased by pilocarpine made the iris planar.

This computational studgvaluated accommodati@and constriction in a single
computational model to extend ounderstanding of the anatomical and dynamic iris
factors that predmose towards development of PDSurCesults predicted that the
combination of pupil constriction and accommodation produced significant posterior
bowing of the iris. However, obtaining the same results in cas&EQGCOMP and

SIMUL-COMP (SEQINC and SIMUL-INC) indicates that the interach between and

83



accommodation and constriction is not synergisiice effect was more pronounced
when the iris was incompressible; suggesting that changes in iris volume could play a

role in PDY24] similar to thatseen in angle closufé6].
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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 irspecifically the dilator, sphincter, and stroma. Nanoindentation
experiments and histological mapping were performed in combination with & three
dimensionafinite element FE) model. A total of 12 porcine irides were indented in three
different regions o the anterior and posterior surfaces and a-thsplacement curve for
each experiment was obtained. Histological analysis of one sample was done to
determine the relative location of the three major constituent compoxeniisg
indentation Using ABAQUS(SIMULIA, Providence, RI), two FE modelsd@mpressible
and incompressiblemodels) were created to simulate indentation. The sphincter and
dilator were treated as incompressible -fmkean solids in both models, while the
stroma was varied asampressite (3 = 0.3) and anncompressiblenecHookean(3=
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 locats. Experimenal forcedisplacement curves were
compared using an inverse method to calcutat&vidual elastic modulus for the dilator,
sphincter, and stroma. In thlecompressiblenodel, using the linear region, the elastic

modulus of dilato, computedby the slope of the toe region-f0 e m on - f or c e

85



displacement curve)as 1.43 + 0.88 kPa (meant 95% CI, n = 4 iris simulations)
compared tdl.21+ 0.18 kPa for thestroma. Due to the location of the sphincter in the
iris, the sphincter was only targetén one indentation region, therefore, the elastic
modulus was low and had high varian6e3@8+ 0.60kPa). 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 therpelastic behaviopf thestroma was ignored.

6.2 Introduction

One of thedeterminingfactorsin the deformation of the iris theinternal stresses
generatedlue to the passive and active components of the constituent #dthamigh
the mechanical modelfaris-aqueous humor)AH interaction canexplore several
physiological ocular phenomena by capturing the fitrdicture interacn of the AH
flow and the iris assessing the mechanical properties of the irialse essential to
understand ocular disessand creating accurate computational models

In addition tocertain types of glaucom@uch as ACJ18] and PDS[89, 90),
IFIS [26] is directly related to the abnormal mbéigdogies of the irisStructural changes
including thinning of the iris as whol§28], especiallythe dilatormuscle have been
noted[14]. Prata et al.[28] found thatpatients using systemig-1 adrenergicreceptor
antagonists have significantly thinnaris dilator muscle andsmaller ratio of
dilator/sphincer thickness and smaller pupil diameterAlthough no changes in

mechanical properties of dilator muscle (or iris) have reported directyymayassume
86



that atrophic anatomical changes in tltlator muscle may suggest changes in
mechanical properties dhe iris Therefore, baracterizing the mechanical behavior of
theiris 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 theespgciallythe
dilator musclecan 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 propertias iois.
Heys and Barocaf6] measuredheYoungo6s mo du irisilsy pesférmingo vi n e
extension tests in theadial and azimuthal directiorthe average azimuthal Young's
modulus of thesphincteriridis was reported to be 340 kPa, where the azimuthal and
radial Young's modulus of theilator pupillae was found to b&’60 kPa and 27 kPa,
respectively.Similar to Heys and Barocd66], Lei et al.[91] found that the azimugl
elastic modulus (24.7 kPa) was largfean the adial modulus of 5.3 kP&Vhitcombet al.
[92] examinedpharmacological effects on the porcine iris stiffnessstudy the active
mechanics of the irisThe modulus of porcine samples was measured before and after
inducing mydriasis and miosiwith drugs such aspilocarpine, phenylephrine, and
tropicamide.As discussed in Chapté&, tropicamide produces shatting mydriasis by
inhibiting the sphincterilocarpine causes miosmot only by activating the sphinctbut
alsoby inhibiting the dilator, and phenylephrine casipepillary dilation by stimulating
the dilator muscleWhitcomb et al.found that the modulus of theintreatediris using

uniaxial stretch waf.97 + 1.3 kPaand 4.0 + 0.9 kPa for circumferential and radial
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stretch, respectivelyAn increasg(at least 1.5 timesh You n g 6 s wa®rdported s
after theris wasstimulatedby the drugs

In another study, Whitcomb et §L3] explored how the different components of
the iris contribute to the overall mechanicahhvior using nanoindentatioimdentation
stressrelaxation experiments were performed both posteriorand anterior surfaces
using an indenter with a 1 mm cylindrical tiphe loaddisplacement curve for each
experiment was used to estimate effective instantaneous and equilibrium moduli for the
anterior and posterior surfaces of the tisdditcomb et al[13] found that the fores
measured when indenting the posterior surface were roughly twice those measured for the
corresponding indentation of the anterior surfa€gom these indentation tests,
instantaneous moduwf 6.0 + 0.6 kPa and 4.0 £ 0.5 kRa&ad equilibrium modulof 4.4 +
0.9kPaand 2.3 #0.3kP3a were reported for posterior and anterior surface of the porcine
irides, respectivelyThe conclusion of this study was a significant asymmetric stiffness of
the iris under anterior vs. posterior indentati®vihitcomb et al.[13] also performed
histological analysis on the albino porcine iris to characterize the thickness of the stroma,
dilator, and sphincteifhey found the average thickness of the dilator and sphitocher
around26 um and 133 ppcomparable to histological data analyses for humaasfd.
While the authorsattributed the asymmetry to structutedterogeneitywithin the iris,
theywereunableto distinguish differencesn@ong 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, repdrted 4.86 kPa dn

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

Table6-1 the experimental studiesonducted on the iris.

Investigator Species Methods Conclusion

Pupil diameter changes were linear.
Lowenfeld et al. Human In Vivo Limited changes in sphincter & dilato
1971[94] pupil analysis | regions occurred when either muscle

was activated.

ExVivo Sphincter activation resulted in 27.5
Tabandeh et al. : . . o
Human [relative active force mN force and dilator activation

1995[95]

tests resulted 23.3nN
Radial and Dilator: Radial modulus was 27 kPa
Heyset al. 1999 Bovine Azimuthal andazimuthal modulus was 760 kPa
[66] extension Sphincter:Azimuthal modulus wa340
experiments kPa
Yyamajet al. 2003 . ExVivo . Maximum force forsphinqter and _
[96] Rabbit Iength_ctens!on d!lator corresponds to min/max pupil
relationship diameter
Lei et al. 2007 Porcine ExVivopupil Radialmodulus wa$.3 kPa &
[91] analysis azimuthalmodulus wa24.7 kPa
Radial moduluspassive modulus was
Whitcomb et al. : Passive and Activg 4.0 kPa and active w&s7kPa
Porcine : . .
2009[92] mechanics Azimuthal moduluspassive modulus
was3.0 kPa and active was3kPa
Instantaneous modulusmodulus was
6.0 KPa (posterior surface) antl0 kPa
Whitcomb et al. Porcine Nanoindentation (anterior surface)
2011[13] Equilibrium modulus modulus wast.4
kPa(posterior surfaceand 2.3kPa
(anterior surface)
Yoo et al. 2011 . . . Instantaneousnodulus wast.86 kPa
Bovine Nanoindentation

[93]

and equilibriummodulus wa$.24 kPa
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Table 61 summarize the experimental studies conductexd characterie the
mechanical properties of the iris. These experimental studies quathéedechanical
properties ofthe iris and addresseid various degreethe nonlinear and viscoelastic
behavior of the irisbut no research has been done to determine theveetaintributions
of the composing segmernts a realistic modedf the iris The goal of this studwasto
explore the effect of the varying mechanics throughout the iris tissu® aleterminghe
contributionto the overall mechanical behavidrom threedistinct structures of the iris:
the stromathe sphincter iridis andthe dilator pupillae We combined nanoindentation
appliedin different locations on the two surfaces of the, wgh an anatomicalhkbased
FE model to determine the propertieEmain components of the irifNanoindentation
was used because this technigae measure local material properties in small, thin, and
heterogeneous sampjesaking it suitabldor extracting the individual properties of the
iris componentslue to itssmall probe siz¢97, 98] Furthermorepanandentation is far
more sensitive to the tissue properties near the indentetalianse far from the indenter

[99].

6.3 Methodology

6.3.1  Nanoindentation experiment

The iris was segmented into three regiongis root (IR), midperiphery (MP),
andpupillary margin (PM)- as shown irFigure 61. 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, dhd IR region contained the stroma and dilator on the
anterior and posterior surfaces, respectivigitact porcine irigs were cut into two equal
C-shaped halves and pinned to the aluminstage ofnanoindentation deviceA
nanoindentation test of the porcine iris was performed to assess the relative stiffness of
these regions on the anterior and pastesurfaces.Indentation tests were performed
using a Nanoindenter XP (MTS Inc., Eden Prairie, MN) with 0.02anN 30 nmload

and displacement resolutions, respectively.

|DiIatorPupiIlae | Sphincter Iridis |

Figure6-1 Iris was divided intdhree regionsiR, MP, and PMrhelRregionincludes the
stroma and dilator. The MP region contains all three componevitereas the PM
region includes mostly the sphincter and stroma.

Each sample was indented withrarh diameter noiorous flatended cindrical
indenter tip.The indentation protocol was a tvstep2.0 mN/s rampwith a hold affixed
displacement for 408 between stepd.he instantaneous modulus ] was calculated
from the slope of the loadepth curveduring rapidindentation(between 0.8..0 mN on
the first ramp)whereas viscoelastic parametersttod tissues were obtained from stress
relaxation during théd00 shold. The equilibrium modulus () were obtained from the
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slope of the loadlepth curve during rapid indentationdausing the data point at the end

the of 400 second holds, respectiviéfigure 62).

14 Loading ramp Relaxation hold
—
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Figure6-2 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 flaylindrical tipcan be definetdy
- 6-1
where isthe indenttion force,3 is thePoisson's ratiof the material, and - is

a correction factorwhere is a function of the sample thickness, and radius of
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cylindrical tip, , [101]. The iris was assumed to Inearly incompressiblés = 0.495)
[66].
A relaxation functiorof the shear modulus with time , wascalculated from

the instantaneous modulus,

— 6-2

The continuouselaxationspectrum (abovequation can be replacelly a series
of discrete relaxation functienBy assuming the iris as isotropic materidyh et al.
[102]showed that this continuous model is comparable tbreeexponential Prony

series

6-3

and are the viscoektic constantsand represents the equilibrium shear modulus

obtained byassuming that the equilibrium was achieved at the end of the hold period
[102]. The viscoelastic parameters of the tissue were fourfidtimg shear modulugime
data toEquation6-3.  was assumed to be different from because aharp drop
in force was seen in the relaxation d4f@0]. The intermediate relaxation ratewas
defined 3

T 6-4

The differences between the mechanical responses of the anterior and posterior
iris surfacesas well as different regions (i.e. IR, MP, and Pi\gre quantified using

student ttests for paired data with equal variance. Tway ANOVA was used for
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varying tissue characteristics. Statistical analysis was perfousiad Origin software

(OriginLab, Northampton, MA).

6.3.2 Finite element model

Indentation & a 3D detailed structure of the iris wasnulatedusing ABAQUS
(SIMULIA, Providence, RI)similar to the indentation experimental testBhe indenter
tip was modeled as a rigid body, fledded cylinder with a 1 mm diametée iris
contour andts components were generatealsed on a histological imagEigure 61).
The dilator and sphincter muscles were modeled anthverage thickness of 80 and 300
um, respectivelywhereas the thickness of the iris was 1100 um at the iris root and 600
um at he pupillary marginThe iris wasmodeled as tridomain materiatonsistingof
three homogenousisotropic Neo-Hookean sections. The neeHookean material in

ABAQUS isexpressed in terms of and as defined as:

- 6-5

— 6-6

where and are the initial shear modulus and bulk modukguatiors 6-5 and 66 can be

rewritten as
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The values determine the compressibility of the material; for a fully
incompressible material, = 0. However, in this study weonsidered two cases: (&)
nearly incompressiblstroma with3 = 0.495 and (2)a compressiblstromas = 0.3 to
represeng healthy and ACG, respectively.

200,000 to 400000 C3D8R elements weresedfor the iris domain with finer
elements employed nedret contact regiowherehigh stress concentratiovasexpected.
Contact between the indent@naster)and the irigslave)wasassumed to bfictionless
andthe nodes on iris surface (the slageyuld notpenetrate the segments that make up
the indentersurface (the masteryhe boundary condition for the iris was specified by
fixing the bottom surface of the iris {&UJ,=U,=0.0). The cylindrical indenter was
allowed to move only in the vertical direction,&W,=0.0). Indentationin each ofthe
three regions (IR, MP, and PM) on the posterior and the anterior surface of tasris
simulated(Figure 63). The 3D iris model was indented approximaté0-20 0 ,e m

close to the experimental indentatidepth
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Posterior Free Surface
B

i Frictionless Contact

Sphincter

e
. /L X Pinned (U,=U,=U,=0.0)

Anterior

Figure6-3 A 3D model of the iris with three main components (the dilator, sphincter and
stroma). Indenter tip model as amim cylindrical rigid bodyl'he midperiphery region

on the posterior surfaces shown to beindentedin this figure

6.3.3  The inverse method princip le

It has beenestablishd [103] that indentation of multilayered structures yields
different results depending on the arrangement of the lay¢esextended the recent
method of Azeloglu eal. [104] to correlate a relationship between the elasticity of the
iris and the relative contributions of each compondite goal was to quantify the
mechanical properties of the iris components through caosgrer between the
experiments and~E 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 arelative weighting factor corresponding to indentation depth and
the tissue geometryor example, when the anterior surface of iris is indentedatR
region where only the stroma and dilator are locatedsphencter does not contribute in
the applied force. Therefore, the weighting factors corresponded to the sphincter for all
indentation displacement is zero ( =0).

Three linearcombinations for elastic modulus of the iris componentse
assigned to ABAQUS modeTéble 62), and indentation simulatigwere performed on

three region®n both the posterior and anterior surfaces.

Table6-2 Threelinear combinations for elastic modulus of thiess components.

( matrix inEquation 610)

1 1 1
1 1 2
1 2 1

A total of 18 simulations were performeBor the simulation testsEquation6-9

was rewritten as
6-10
whereA is a 3 by 3 matrix andlefined by the 3inear combinations o¢lasticmoduliin

Table 62. Using @plied forcedisplacemen curvescalculatedfrom all the simulation
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resultsandthe A matrix, the weighing factors matrix , wascalculatedn Equation6-

10. Forthe experimental testgquation6-9 was rewritten as

6-11
For eachiris sample, contained the sixses of applied forcedisplacement
data points( ) recorded fromthe Nanoindenter,and wasa 3 by 1

vector of elastic modulus for dilator, sphincter, and the stroma, and (known after
solving Equation6-10) wasan by 3 matrix represeimg the weighting factor values for
all data points,

To calculate theelastic modulusvector, , weighting factorscalculated from
simulatiors, , and theexperimentaforce resultsvere appliedo Equation6-11. A
95% confidence interval (CI) fothe modulus ofeach component of the iris was

evaluated:

- 6-12

where = dilator, sphincter, and stroma, was thet-value for a sample with

degree of freedong ). and were the number ofequatiors and
unknowns, for a95% confidence interval (), and can be obtainedy

6-13
where is a vector ofsimulation forcedor all the indentation deptirhe residual

vector, , and thesum ofsquare®f theresiduals , are:
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6-14

6-15

6.4 Results

6.4.1  Nanoindentation experiment

A total of 12 porcine irids (6 pairs) were used for analygisgure 64 shows a
typical forcedisplacement curvduring rapid indentationThe instantaneous moddobr
each region and both surfades) werecalculated usingquation6-1 from the slope of
the loaddepth curve during rapid indentatibetween the applied loads of 0.5 mN to 1.5

mN.
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Figure6-5 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 margifPM) and iris root (IRThe errorbars represent 95% Cl and a *

indicates gp-value < 0.05.

A quantification of the instantaneous modulus of the porcinasirgesentedn
Figure 65.There was no significant difference between the instantaneous modulus of the
anterior and posteri@urface in thé®M region.However, the instantaneous modulus was
higher for the posterior surface compatedhe anterior surface in thie and MP regions
(p < 005), consistent with Whitcomb et fL3], the posterior surface of the porcine iris
was stiffer in contrast to the anterior surface

A typical stresgelaxation curve for the porcineis is shown inFigure 66.

Normalized shear moduldsne curve and viscoelastic parameters were generated fitting

Eqguation 63 to the experimental relaxation data.
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Figure6-6 Stress Relaxation curve fittinging Prony series
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Figure6-7 viscoelastic time constants (a) Réghort term response. (b) Slower long

term response. The error bars represent 95% CIl and a * indicatesiu@ < 0.05.
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The anteriorsurface indentation showed shorterrelaxation time constant;

(rapid short time constantpmpared tdhe posterior surfac&.he only regiorthat hada

significantdifferencebetweenhe surfaces was the MP region whanterior was 22+

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

difference of the third BNy relaxation time constant (slower time constant) between

the anterior and the posterior surface in all regiblusvever,t; representing slower time

constant in the tissuevas significantly differenbetweenMP and IR regionsand MP

and PM regionsn the anterior surface 0.05). In addition t3, was smallefor the MP

region compared toother IR and PM regions on the anterior surfacEigure 67

summarizethe comparison betwed¢herelaxation time constants.
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Figure6-8 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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Figure 68 shows the fare-displacement results from indentation simulation.
Higher stress concentration around the indenter tip observed compared to the elements far
away from the contact region.

Figure 69 and 6-10 showthe applied forcalisplacementurvesobtained from
ABAQUS simulation as three different sets of elastic moduli were impwséukedilator,
sphincter and stromeasectiors in the incompressibleand compressible modes,
respectively Slightly higher forces were observed tine incompressiblesimulations
where slidntly nonlinearity was seen e compressiblsimulations in the same regions.
When the elastic modulus of the dilator, sphincter, and stroma were varied (as shown in
Table 62), the same trends were observed in botimpressibleand incompressible
models. For example, in both models, for the case of anterior (and posterior) indentation
in IR region when and

, were assigned to ¢hcomponents of iris the force
displacement curves matched sirthe sphincter did not exist ithe IR region; hence
changing the elastic modulus of sphincter would not change the results. Noticeably,
higher forces were generatedtire simulatedindentaton of the anterior surfacem the
PM regionwhen were imposed as material

properties in botlikompressiblendincompressible
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INCOMPRESSIBLE Model
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Figure6-9 Forcedisplacement curvesfincompressiblendentation simulations in (a)
anterior PM (b) posterior PM (c) anterior MP (d) pogir MP (e) anterior IR, and) (
posterior IR regions when three sets of elastic moduli were imposed to dilator,
sphincter, andstroma.
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COMPRESSIBLE Model
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Figure6-10 Forcedisplacement curves a@lompressiblendentation simulations in (a)
anterior PM (b) posterior PM (c) anterior MP (d) pogtir MP (e) anterior IR, ané) (
posterior IR regions whethree sets of elastic moduli were imposed to dilatsphincter
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 exgained in more detail in discussion section).

Using the force-displacement curves andquation 6-10, the weighting
factors, , wereobtained for the dilator, sphincter, and stroma in all regiBiggire 6
11 and6-12 show the weighting factors calculated tbe IR, MP, and PM regions (both
posterior and anterior surfacedpr compressible and incompressible models,
respectively Weighting factors corresponding tioe stromahadhigher values compared
to the sphincterand dilator inthe IR and PMregiors on the anterior surfacand vice
versa inthe IR and PM regions on the posterior surface. As expeetemhting factors
corresponding téhe sphincter were zero ithe IR regionson both posterior and anterior

surface.
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INCOMPRESSIBLE Model
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Figure6-11 Weighting factors corresponding to sphincter (blue), dilator (red), and
stroma (green) calculated frothe incompressiblenodel 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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Figure6-12 Weighting factors corresponding to sphincter (blue), dilator (red), and

stroma (green) calculated frothe compressiblenodel 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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Figure6-13 Hastic modulus for the dilator, the sphinctenéthe stromawere obtained
through comparison théa) compressibland (b) incompressible modehd
experiments results.

The accuracy ofthe inverse method was confirmed by creatiag mock
indentation simulationThe elastic modudl for the dilator, sphincter, andgtroma were
assigned with values of 1.1 kPa, 2.0 kPa, artiiPai n t he ABAQUSOSs
respectively Six ses of indentation simulations were performed on both susfaceall
theregions (IR, PM, and MP). Using the weight factors matrix, , andapplied force

results of this set of simulatienn Equation 6-11, the elastic modulusvector gave

expected values of
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Figure6-14 Typical experimental (solid) and simulation (outlitegd- displacement

curves for the anteriorréd) and posteriorlglue) surfaces at the (&P, PM(b), and IR

(c) regions

The passive mechanical behavior of the iris and the contribution of its three main

componentswere determined through comparison lbesw the experimental and FE

results(Figure 613). The average modulus for the dilator, sphincter, and stroma for three

porcine irides were calculated to Be43 £ 0.88 0.33 + 0.60 and1.21 + 0.18 kPa,

respectivelyusingincompressiblenodel Figure 614 shows the typical experimental and
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simulation forcedisplacement curves during rapid indentation for the three regions: IR,

MP, and PM.

6.5 Discussion

The omplex mechanical behavior of the iris may not be perfectly determined in
our modeldue to sme simplifications and assumptions; lewer,to our knowledge this
study (using the inverse methgdwas the first attempt to calculat¢he relative elastic
modul of the iris componentdJsing uniaxial and biaxial tes{§6, 92] or performing
nanoindetation testin different locatios [13, 93] gaveus a better understanding ofeh
overall mechanical properties of the irfBharacterizingof the constituent components
however, represerg an importaninext step in understandiriige complex architecture of
the iris Specifically characterization of the dilatocan help us to understand the
mechanism behind IFIS. Floppiness tbe iris and poor pupil dilation are due to a
weakening of the dilator muscle RIS, which enforceshe idea that iris heterogeneity
plays an important role in the overall behavior of the iris.

Attempts to characterizéne mechanical properties of thas during indentation
experimentdhave severdimitations andinclude potentially inappropriate assumptions.
The simplifications and assumptions used in this stadyreviewed in the subsequent
paragraphs.

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

However, the elastic modulvere extracted from indentation whictvas performed
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perpendicular to the surfaces of sampl@sir simulations did not aoant 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 samphee tothe difficulty of taking histology
images for samples, we created only one 3D matieth wasused for all three samples.
It would be more accurate to image each sample and create its owadeEMoreover,
histology imagesnay not be the perfect techniquedterminethe accuratelimensiors
of the porcine iris components (particularly the dilator muscle) sincpasterior side of
thetissue ismostly covered by pigmented epithelium layewhich makesit difficult to
computean accurate average measurement of the dilator thickRetge studies are
necessary to assess a successful method to remove the pigmented epithelia cells and

obtain more accurate histology imageshaf detailed structure of the iris.
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Figure6-15 (a) Appliedforce-displacement curvefor 4 sample porcine irides
wheredifferent colors represent different samplBorce-displacement curves for
4 samples ofb) iris root (IR), (c) pupillary margin £1V)), and (d) mid periphery
(MP) regions.
3- Indentation technique: Nanoindentation has become a widely used
technique to characterize tlmechanical properties ofarious biomaterial and tissues
from loaddisplacement measurementie advantage of indentatiam determiningthe

mechanical properties of heterogeneous $asnpondestructivelynakes it a suitable

technique for this studyHowever, recentstudiesindicate thatthe indentationresults
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strongly depend on the shape of the indenter andeasesensitive to penetration depth
[105, 106] Specifically, Simha et al[106] showedthat the elastic modulus measured
using nanoindentation depends on the indenter dizehat study, differentonical and
cylindrical indenter tifg ranging from5 € nmto 4 mm in diametewere used t@xamine

the dependency of the equilibrium elastic modulus of cartilage on tip sizerdpayed
thatthe equilibrium elastic modulus of bovine patellar cartilage increased monotonically
with decreasingip size and postulated that their results wenebably due tothe
inhomogeneous structure thfe specimensThe modulus obtained from the 2 mm and 4
mm tipswere(0.63+ 0.23 MPq but differentwh en &nada m90 e m di amet er
used,and averagevalues of 2.3 £ 0.22 MPa were calculated. Thgwal of our study,
however, was to determinea relationship between the elasticity and assess relative
contributions of each componeott the iris Dividing the iris sample#to threeregions
duringindentation testbave the advantag# obtaining useful information regardintipe
different components of the irias different forcalisplacemenwere obtained for each

region
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Figure6-16 An initialsharp fall in force during the indention stress relaxation
demonstrates poroelastic behavior of the tissue
4- Material behavior of iris components: In this study, a necHookean
material model wasused to capture the large strss®min deformation of the iris
However, as discussed in Chapter 1, several clinical stuydi®s 16] suggested
viscoelastigboroelastic behavior of the ir{d5]. The nature othe 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 movementloreover, in this study, amitial sharp fall in the
force during the indentation stress relaxatiata could be the result efxudation of fluid
from the tissueKigure 616). One of the challenges in simulating the strom#adsvever,

obtaining accurate measuremeuoitshe permeability of the iris tissue
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While these limitations and assumptions weamgortant 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 prop&es of the iris vary spatially play an
important role inunderstanding thaatural behavior of the irid’he posterior surface of
the iris wadound to beslightly stiffer thanthe anterior sideemphasizing themportance
of the dilator musclen certan ocular diseasef-or example, in IFISthe 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 significastimole
determining irisflexibility whereas the effects of the stroma may be negligible dits to

greater compliance
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The number of people with iris contour abnormalities suchaagle closure
glaucoma ACG) necessitates improving theadnosis 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 dise&3escal studies have
identified several anatomical risk factors associatétd ACG, and in patients at risk,
changes in iris configuration caused by pupil dilation could potentially lead to AkKs.
mechanism and its effects on changes in iris contour, however, are still poorly
understoodThe objective of my research was favestigate the irisonfigurationduring
several ocular phenomena amal examine the effect othe iris elastic response
hydrodynamics of the aqueous humor, and activity of the iris musnléseiris profile.

In this work, wedevelogd a dynamic modefor the anterior segment of the eye that
accounts for anatomical factors as well as mechanical properties of the iris.

In the study ofdynamic analysis ofthe anterior segmentunder graded
illumination, significant changes of iris volume and creestioral areademonstrated
that theextracellularfluid can move easily out of and into the idgsignificant change of
anterior chamber olume and crossectional areasupportedthe idea of dynamic
pupillary block in which the motion of the iris changes thguilibrium volumes of the

anterior and posterior chamberfBhis study demonstradeour ability to quantify the
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geometry of the anterior segment during dilation and constriclibis experimental
study as well as several clinical studiesas emphasizedthe importance of three
anatomical and physiologictdctors(dilator thickness, dynamic pupillary block, and iris
compressibility)in regardsto changes in iris configuration arshterior chamber angle
(ACA) duringpupil dilation and constriction.

Our axisymmetric computational modef the anterior segmentas modified to
investigate theffects ofthethreeanatomical and physiologictctors(dilator thickness,
dynamic pupillary block, and iris compressibilitgn the iris contour andAOD500
during dilation by creating a full factorial studyOur simulatiols predicted the most
dramatic change in AOD508ould occumwhen the dilator was modeled as a thin layer in
the posterior surface ahincompressibléris, andin thepresence opupillary block. The
decreasen AOD500 and the iris curvaturgvere more pronounced when the iris was
incompressibleandin the presence of pupillary blockespectivelyLack of significant
changes in theis volume (incompressibilityfause crowding of the peripheralig into
the trabecular meshwor&nd narrowing of thangle;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 assessstparticularly
because of it small length scafeur results stress the importance of understanding the
mechanics of the iris in irspecific disorders since the underlying pathophysiology in

narrowangle glaucoma and pigmentaglaucoma involve mechanical eventsA
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significant difference was observed between the anterior and posterior effective anodul

all three locationsThe experimentalresults support the hypothesis that the posterior
layer is the stiffer and produces higher foradth increasing depth, showing in particular

that the stroma is more@mpliant than the muscle tissue. Moreovheg stresselaxation
analysis revealed that the anterior surface had a shorter relaxation time than the posterior
surface, perhaps due to tipermeability of the stromaThis study highlighted the
possible role for iris mechani@s certain ocular diseas€or example, inntraoperative

floppy iris syndrome (IFIS)the perceived floppiness may not be due to weakening of the
entire iris but rathr degradation of the dilator mus@®ne Our results suggest that the

dilator andstromaplay a significant role in determining iris flexibility

7.2 Future Work

Developing an anteriesegmentmodel for an individual subject andaccounting
for uniquecharateristics of individualpatients would allow us to identify their specific
problem andhelp doctorsmake betteinformed treatment decisiondedical imaging
such agptical coherence topograph®CT) andultrasoundbiomicroscopy(UBM) could
help us to construct a preeisnodel of an n d i v andetdoa $egrentHowever, pior
to any further studydealing withthe resting stateof iris is animportantstep When
medical imagesretaken most likelythe constituent iris musclg¢sphincter and dilatgr
areactive and the unloaded state of the iris is koebwn In order to estimate the rest

state of the irisdifferentexperimentsouldbe performed on subjects:
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e The activity of the sphincter and dilator musaeuld be reduced by
introducing parasympatholytic (e. g. Tropicamide) and sympathomimetic (e.
goThymoxamine) d r u gMedidalmnmagescduid bectdkend e y e ¢
before and after administration.

¢ Imagesof the anterior segmeibllowing the cataract surgerywhen the lens
is removed from the eyevould provide useful information about theas# of
the iris in the absena# the lens.

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

Structural baracterization of the iris is important in physiology and
pathophysiology of the ey@lthough combining nanoindatetion and simulation using the
inversed method showed promising results in estimating the mechanical properties of the
iris, the @mplex mechanical behaviaf the iris was not adequatelgaptured due to
some simplificatios and assumptions. Accounting for  ompressibility
viscoelasticityporoelasticity behavior of the stromand the fiber directiono f i risoés

musclescoud 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

O0CKAA 62N] ¢ aTheJobtdrior 2oEatian Kf$he DilathISIdsElsdinduces Anterior
Iris Bowing during Dilation, Even in the AbsenceupilRry Block R. &mini, J.E. Whitcomb,
M.K. AlQaisi, T. Akkin, S. Jouzda@nk. Prata, S. Dorairaj, J.M. Liebmann, R. Ritch and V.H.
Barocas(Invest Ophthalmol Vis Sci. 2012;53:148894) DOI:10.1167/iovs.18408(American
Society of Mechanical Eingers as the qoyright holder is acknowledged)

Al Summary

In vivo andex vivoexperiments were performed in combination withirasilico
computational model to show how the posterior location of the dilator leads to iris
anterior bowing during dilation even in the absenceA&f pressure.lris anterior
curvaturewas measureih vivo before and after dilation by tirdomain slit lamp optical
coherence tomography (SRCT). All patients (n = 7)had previously hadLPI to
eliminate any pupillary block due to primaACG. In the ex vivoexperiments, isolated
porcine irides (n = 30) were secured at the periphery and immersed in an oxygenated
KrebsRinger buffer.Dilation was induced pharmaceutically by the addition of 2.5%
phenylephrine and 1% tropicamidas images were taken before and after dilation using

an inhouse OCT systenA FE model was also developed based on typical geometry of
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the iris from the initial OCT imageThe iris was modeled as a nElookean solid, and
the active muscle component was applied only to the region specified as the dilator.

An increase incurvature andh decrease in the chord lengtfter dilation were
observed irboth experimentsin both thein vivo andex vivoexperiments, theurvature
to chord length ratio increased significantly during dilati@omputer simulations agreed
well with the experimental results only whéme properanatomical position of dilator
was used.

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

iris bowing via a nofpupillary block dependent mechanism.

A.2 Introduction

Anterior bowing of the iris, resulting in a narrow or closed angle, isnofte
attributed topupillary block54, 107, 108kven though it is recognized that the angle can
close by multiple mechanisms, some independent of pupillary blogkarticular, the
mechanism by which the iribows anteriorly during dilatiofi23] is unclea. We have
shown theoreticall\{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 occurdiwiseconds, far too
quickly for AH to build up in the postior chamber. Yamamoto et §.09] reported that
when rabbits wh a LPIwere dilated, the agueous flowed posteriorly, not anteriorly,
which would imply hat the anteriechamber pressure was, in fact, highersome 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 castill bow forward considerably35, 36, 110] Taken together,
these observations require that fupillary-block mechanisms for anterior iris bowing,
especially during dilation, be consideréathis paper, we explore the hypothesis that the
anatomy oflhe 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.

A.3 Methodology

This work included three parallel studies:

e In vivo experiments, in which theurvatureof 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 anthaged va OCT to determine the iris contour.

e In silico computer simulations, in which thex vivo experiments were

modeled using realistic geometry and dilator placement.

A.3.1 In Vivo Experiments

All patients had beendiagnosedpreviously with anatomically naow-angles
(ANA) and primary ACG Patients diagnosed with ANA who underwent LPI surgery to
open the angle were imaged $-OCT in light and dark conditiongnstitutional review

board approval was obtained, as was written informed coficeladl subjects At the
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time of imaging, alls u b j anglesswere noted to be opefhe SL-OCT system
(Heidelberg Engineering, GmbH, Dossenheim, Germany) had an optical axial image
resolution <25 pm and a lateral resolution of M pm. Initially, five high-quality
crosssectional images were taken from eatlbjectin 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 tagimum intensity of the
device.Subjectswere instructed to blink normally and to fixate with the 1fmaged eye
on a target 1 meter from the device to minimize accommodation arifaohages were
taken horizontally through the center of the pupil twid interference with the lid
margins, and iris crypts were avoided whenever possiplality control parameters
were defined as a wetlentered image, a clearly defined scleral spur, and the absence of
artifacts.Patients diagnosed with exfoliation syadhe, uveitis, or pigmentary glaucoma,
were excluded, as were those with previous intraocular surBatients who were on
systemicy -1 adrenergiaeceptor antagonis{such as Flomax) or on topical medications
known to alter the iris configuratiofil4, 28] were also excludedVhenever both eyes
were eligible, one randomly selected eye wise study was conducted in accordance
with the ethical standards stated in the 1964 Declaration sfrtfeand was approved by
the Institutional Review Board (IRB).

Images were analyzed using the ImageJ software available from NIH (National
Institutes of Health, Maryland)s1]. Chord length[23], iris curvature[111], and iris

concavity ratio[112] were calculatedPositive curvature indicates anterior bowing
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(concavity) whereas negativeurvaturereflects posterior bowingThe iris concavig
ratio, as described previouslig, defined aghe ratioof iris curvatureto chord length,
which has the advantage of being a sea@riant measure of curvatuf@l2]. Results

were compared using a tvgadedpaired ttest assuming equal variance.

A.3.2 Ex VivoExperiments

Experiments were performed on 30 isolated porcine irides and were in
compliance with the ARVO statement for use of animals in ophthalmic and vision
researchThe irides were tested within@ hourspost 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 silicotased polymer liningHigureA-1).
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FigureA-1 ExVivoExperimental Setup
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FigureA-2 Representation of the OCT system used to image the iris during dilation

The irides were immersed at roaemperature in a 5 mL bath of oxygenated
KrebsRinger buffer to maintain a physiological pH of 7Before dilation, reference
images of the iris were taken via the fillrsed swepsourceOCT systen{113] shown
schematically irFigure A2.

The system operated in the Fourier domain, by which modulations on the optical
spectrum were related to the spatial information alonig@th profilecalled an Aline
[114]. After the initial image was captured, the irides were dilated pharmaceutically by
addition of 40 puL of 2.5% phenylephrine and 40 pL of 1% tropicamide solutions. Images
of the dilated iris were tan every 40 seconds for-1® minutes.The initial and final
images were analyzed using ImageJ (Natidnatitutes of Health, Marylanf§1] to
calculate the change in pupil diameter, chord length (AB)vature(CD), and the
concavity ratio (CD/AB). These measurements are describEdyure A-3a. Iris cross

sectional areatlfe nasal and temporal iyisvere traced manuallyia a custom ImageJ
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macro and, and their areas and centravdse calcuhted before and t&r dilation. The
center ofthe pupil was defined as thenidpoint of the line segment joining the centroids

of nasal and tengoal iris crosssectional areas and the corneal axis as perpendicular line
passed through the pupil cent&éhe volume of the irigboth nasal and temporalas
calculated usindg=quation 31. Results were compared using a {gided paired-test

assuming equal variance.

Active
Dilator

FigureA-3 (a) OCT image of the iris before dilator is activatedFmhodel based on the

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

A realisticFE mesh of the iris was constructed based on the initial OCT image of
the nondilated iris Figure A3b). The dilator muscle is a very thin radiatigned
smooth muscle located on the posterior surface of th& iesdilator extensicentrally to
the midpoint of sphincter muscle. For humans, the average thickness of the dilater is 4.0

8. 5[4gld,whereas n t he porcine model the[l3.ver age

FigureA-4 Histologicaimage of the pupillary and migeripheralportions of the porcine
iris.
We placed the dilator muscle in the posterior portion of the iris based on
histological analysis of the porcine iriBigure A4). The iris was modeled as a nearly
incompressible neblookean solid38] governed by the static stress balance:

Al
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wherec was the Cauchy stress tensor, and derivatives of the stress were with
respect to the current coordinate systdime Cauchy stress tensor was defined by neo
Hookean, , and active dilator, , contributions:
A2

The neeHookean stress was defined by
— S A3

where was the shear modulusthe Poisson's ratio,the identity tensor, the
deformation gradient, and the left CauchyGreen deformation tensors, in whichand
were defined as follows:
— A4
A5
with  being the current position of a material pointeing its rest position.

The iris shear modulus (= 9 kPa) ands3®04D)wereodehased r at i o
on our previous studig$6]. The dilator term  was applied only in the dilator region
(represented by a darker colorRigure A-3b). To ensure that the muscle contraction was
always in the direction of the nateformed dilator muscle, it was define by , the
scalar muscle contraction stressda , 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 modelGAMBIT (Fluent Inc., Lebanon, NH) mesh generation software
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was used to generate tR& mesh.The nonlinear algebraiequationsystem was solved
using NewtorRaphson iter&n and the direct solver MUMP315].

The malel was used to simulate spontaneous contraction of the dilator rexscle
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 stressTo 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 maegiuty.

Finally, in the third case, thentirethickness of the iris was modeled as the active dilator
muscle.In all three cases, the iris chord length, and thecuisature(Figure A-3a) were

calculated from the model.

A4 Results

A.4.1 In Vivo Experiments

We examined seven patits diagnosed with ANA and/&CG; patient details are
given in Table A.1. The measurements for the patients are showigare A5. The
pupil diameter Figure A5a) was 2.73 0.39 mm in the light and increased to 471
0.55 mm (p <0.001) in the dark (mean95% CI, n = 7)The iris chord lengthRigure A
5b) decreased significantly from 5.3£8).35 mm to 4.2% 0.37 mm (p <0.0001).Both
the curvatureand concavity ratio increased, but only the concavity ratio increased

significantly. The curvature(Figure A5c) increased from 0.180.09 mm to 0.1 0.02
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mm (p = 0.481) and the concavity ratkigure A-5d) from 0.026 + 0.010 0.04+ 0.01 (p

= 0.004), including a significant change in shape due to the combination oflehgtd

ard curvaturechangs.

TableA-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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A.4.2  Ex VivoExperiments

Figure A6 shows a pinned porcine iris before (a) and after (b) dilafiba.pupil

diameter increased in the experiment, indicating that there was still awtivatithe

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

(tropicamide).The bar graph ifrigure A7a shows that the pupil diameter increased from

2.82+ 0.16 mm (meant 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% tropicanmiitie. iris
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chord length Figure A-7b) decreased from 1.480.11 mm to 1.12+ 0.09 mm (p <
0.0001) following activation of the dilator muscl&he iris curvaturealso changed
following dilation (Figure A7c), increasing from 0.12 0.01 mm to 0.2& 0.02 mm (p <
0.002). The concavity ratio also changed significantiiglre A7d), increasing from
0.09£ 0.01 to 0.22+ 0.02 (p < 0.0001jollowing druginduced dilation.These results

wereall consistent with then vivoexperiments.

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

results.

The iris crosssectional areaHRigure A8a and volume Figure A8b) both

showed a significant decreadéhe crosssectional area of iris decreasem 0.34+ 0.02

mm t00.32 + 0.01 mn? (p < 0.06) where the iris volume decreasiedm 1.74+ 0.13¢ L

t0 1.64+ 0.14¢ L(p <0.05) following activation of the dilator muscle
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FigureA-8 Ex Vivda)iris crosssectional area an¢b) volumeresults

A.4.3 In Silico Studies

Figure A9 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 tissudn both the experiment~gure A9a) and the realistic model, in
which the dilator muscle was positioned in the posterior portion of thd-igare A9b),
the iris curvature increased and the iris chord length decre@isedinrealistic models,
however, did not predict the experimental utes correctly. Positioning the dilator
anteriorly within the iris led to a smaller increase in the iris curvature following dilation
(Figure A9c). Modeling the whole thickness of iris as the active muscle led to a decrease
in the iris curvature (i.e., ghto the posterior)As quantified inFigure 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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FigureA-9 Iris chord length and curvature before (left) and after (right) dilatior{ana
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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FigureA-101ris 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 bowindglhree different types of experiments (clinical,
experimental, and computatiohall confirmed the contribution of the dilator's position
to a nonpupillary-block-dependent mechanism for anterior bowing.

While it is possible that the lack of radial symmetry in pinning ofetkeivoiris
led to a small artifact, we observed no difference when more pins were used, so-the two
pin method was deemed acceptaiée also have found previous|92] that ex vivo
irides lose the ability to dilate appximate 56 hours post mortem, so it is essential that

the eyes be harvested and tested quickly if the iris is the térgetoted thain vivo
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