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Abstract

Introduction: The measurement of tear film stability/regularity is very critical in the
diagnosis of dry eye. The tear breakup timbich is used as a diagnostic tool in diagnosing

dry eye is very subjectie in nature and variations among individual clinisiaxists. The

exact mechanism of the tear breakup is also unclear due to the involvement of so many other
factors other than the tear film itseifs theprevalence of dry eye is increasjrige need fo

an objective technique which can be used universally to differentiate betivgezye and

normal valuesincreases. Studies have shotimat aberrations can be used as an objective
technique in diagnosing dry eye, as there is a direct involvemdiné tdar film in the optics

of the eye. However, very few studies have studied the dynamic nature of the anterior surface
using aberratiom and suggested using dynamic surface aberrations as an objective measure of
surface quality.Hence, aseries of studies werconductedto understand the aberrations
produced by thanterior surface of the eyéeér film and corneal surfacgnd to measure

objectively the anterior surface quality using surface aberrometry.
The objectives of eacktudychapter are as follows:

Chapter 3i): To obtain the noise associated with the instrument using adymamic
measuring surfageand ii) to design appropriate acquisition settings for the measurements

with ocular surface.

Chapter 4:Todetermire  * ) pectraiclkarasteristics of the Placido disc light sources of two
cornealanalyses |, ) the ther mal characteristic fo
ocular surface and the adnexa in the presence of Placido disc light source at nornmgl work



di stance, and "' ") to compare the ocular su

analyses

Chapter 5: To determinei) the optimal method for acquisition with respect to normal
physiological processes, by examining the blink regimen and pesition that elicits the
most consistent response over the largegion on repeatecheasuremengndi ‘thg largest
region selected for analysis by investigating the effect on the individual and summary
aberration metrics of the inclusion of noreaswement areas (i.e. where the Placido disc
cannot be projected onto the cornea or contact lens). The proportionofeasurement area

that elicits a significantly different result will be determined.

Chapter 6:To eval uate ‘) a n enamicnoeulah surface @lberraonsa | y z i
using segmented | i mterocularelpracesssics of the dyreamidocular ) t h

surface aberrationssing the segmented linear regression.

Methods:

Chapter 3:The characteristics of the surface aberromeied the noise associated with the
measurements of surface aberrations were evaluated using-dymamic surface (model
eye). Measurements were obtained in diffefearhe rates antbcus positiongo evaluate the
optimal acquisition techniquét each f@us position, aet of threaepeated measurents
were obtainedo analyse thaepeatability of the measuremerndbtained usinga surface

aberrometer.

Chapter 4:The spectral characteristics of the Placido disc light source were obtained by using

a PR650SpectraScan photometer and the thermal characteristics of the objects were obtained



using THF500 noncontact infrared thermometérhe surface aberration measurements were
compared between the cornealalyses. The spectral measures were obtained froenlityht

sources, whereas the thermal measures were obtained from three different surfaces and
surface of the eye and adnexa of ten participants. The dynamic anterior surface aberrations

were obtained after obtaining the thermal measurements from theesofthe eye.

Chapter 5:Twelve participants were enrolled by screening twenty participants. Participants
were screened with their habitual len$es contact lens wettability and nenvasive tear
breakup time (NITBUT) without contact lenses. The pg#ois wereenrolled according to

the nclusion and exclusion criteria and categorized into normal and dry eye group for study
visits. The measurements of NITBUT and surface aberrations were obtained with and without
contact lenses, and study lens wettabiliere also obtained in two visits on consecutive days.
The surface aberration measurements were obtained in natural and forced blinking condition
and in two different head positions. All the measurements were randomized between eye and

between instrumest

Chapter 6:

Seventeen nersymptomatic and noercontact lens participants were recruited in this study.
NITBUT and dynamic anterior surface aberration measurements were obtained. The order of
the measurements was randomized between the eyes. Two agealinbf atleast 10 sec

and a maximum of 15 sec were used in the analysis of segmented fit. The dynamic vertical

prism coefficients and higher order aberrations weses for the analysis.



Results:

Chapter 3:

i. Data acquisition at an intérame intervalof 0.25sgavethe least number of dropped
frames across focus positigngherefore this is the eferred frame rate for data

acquisition

ii.  Data obtained in the initial ~15s reflects the focusing procedure and needs to be manually

removed prior to analys tear dynamics.

iii. Even in the optimal focus position there were significant (small) differences in the
distributions between repeated measures. For this reason repeated swwplésbe

obtained where possible.

iv. The green and red focus positions showbd most consistency within repeated
measurements. The variability of the measurements was also more similar between the red
and green focus positions than the blue focus positions, both at the extreme positions of
defocus and with incremental defocus awifegm the optimal focus position. When
obtaining the dynamic sampling of human ocular surface measurements, the optimal
position of focus should be obtained at the blink such that as the tear film dissipates

between blinks the measurements are obtaindtkifrelatively) red focus position.

Chapter 4:

I.  CA200 is the preferred device because of the consistent luminance.
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ii.  Although aberrations were not significantly different between devices, the HOA RMS
were higher with the CA200 and, combined with differmhinance and possible tear

response, indicatehedevices are not interchangeable.

In both instrumentghere washo indication that therevas a thermal response inducedtbg
power of the light source. Therefore, this aspect of the source does hotdik&ibute to any

difference in the aberrations measured by the two devices

Chapter 5:

i.  Obtain data in the straiglaheadposition as there is no significant increase in target size

with head turn

ii.  With the CA100F, the forced blink paradigm is prefersdhis enables blink dynamics to
be examined. With the CA200F, either forced or natural blink paradigms are interpretable

for tear dynamics.

iii.  Differentiation between dry eye and normal groups was best determined with the slope of

the RMS aberrations wiith a blink.

iv.  Differentiation between performance with and without a contact lens in the dry eye and
normal groups was best determined by analysing the width of the confidence interval of

the moving average.

Chapter 6:

i.  The location breakpoints one and tame significantly different between eye, open eye
interval and order of the measurements for both vertical prism and HOA RMS values.
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The highest positive slope for tHéOA RMS was, on average, higher in the second eye

measured (p= 0.0407) and tended tauodater after the blink (p= 0.067.6)

The location of breakpoint 2 is not significantly different from the NITBUT values

(p>0.05) even thoughhe correlation was found to be low and not significant.

The average HOA RMS for segmented fit parameter inteiavertical prism was found

to be higher in the second open eye interval compared to first open eye interval.

Conclusion:

From theresults of each chaptet, was observed that choosing think paradigm is very
important to obtain andnalysethe dynant anterior surface aberrationShoosing &orced

blink paradigm(chapter 5) washowedto be usefulwhen the information regarding blink
location were not availableThe repeatability of the measurementsing a nordynamic
surface (chapter 3) shows thihé measurements of surface aberrations are repeatable and it is
important to choose criteron closer to the natural tear film dynamits obtain more
repeatable measurements of anterior surface aberrations (chapter 4, 5 larads6)shows

that thethree phased segmented linear regression technmprede usedo analysethe
anterior sirface aberrationsThe segmented linear regression technique &bk to
differentiate different stages of the tear filamd the location ofthe second breakpoin
calaulated using segmented regressiaas closer tdhe clinical values of tear breakup time
indicating a possible use of segmented linear regression as an objective measure of surface

quality.
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values WIthin the FTANGE...........u e 125

Figure 615: Scatter plot with error bar for the comparison of average HOA RMS
between the intervals of prism breakpoints of the left.eye..........ccccriiiieee e, 126
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Chapter 1 : Review d Tear Film Stability and

Ocular Surface Aberrations

1.1 Tear film:

The tear film is a thretayered clear fluid covering the anterior surface of the cornea and the
conjunctival It forms a uniform fluid surface ovehe anterior surface of the eyad inside

the eyelid to reduce the draand avoid friction between the eyelid and corrfedhis
lubricating action othetear film not only helps in maintainirthe integrity of the cornea but
also acs$ as a protective surfacdor the corneaagainst microbes and other environmental
factors® It is also important in providingourishment to the anterior epithelial layer of the

corneg*

Recentresearch shows$eétear filmto bea metastablestructure formed bgnaqueous get’

That is,the aqueous layesf the tear filmis foundto havea gradientevel of mucin from
bottom totop forming anaqueous gel anterior to the epithelial surface of the cowitathe
highestconcentrabn of mucinat the bottom over the surface of the corneal epithélitiime
agueous gel is protected the anteor surfacefrom evaporation with a layer of lipirming

the outemost layer of the tear filiThe lipid layercanprevent upto 95% of the loss ofthe
agueous layer due to evaporati&@ach layer of the tear film is produced by different glands

in the eyelid and conjunctiva, which is released and spread over the anterior surface during
the process of blinkingrhe meibomian glargdwvithin the eyelids produces the lipids, whereas

the lacrimal glands produce the aqueous layer of the tear filmhanchacinlayer is mainly

produced by the goblet cells thfe conjunctiva®

1
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Figure 1-1: Updated stucture of the tear film with outermost lipid layer and agueous layer with gradient levels
soluble mucus adhering to the corneal epitheliReprinted from Cornea. The Diagnosis and Management of Dry I
Twentyfive-Year Review. Cornea 2000,19(5)46@49, with permission frotwolters Kluwer Healtl{Appendix 1).

With every blink, the tear film spreadmoothly over the cornea and conjunmatiby the
action of the eyeliddt is important to have a propblinking action, because sty by Carney

L et al® have shown tht improper or incomplete blinking causes poor tear film quality
leadto dry eye diseas#d untreated Following ablink, the tear film undergoes three phases
during the intetblink period® The first phase happens immediatplystblink and iscalled

the tear film buildup or formation phas@In this phase, the tears start spreading throughout
the surface of the eye due to the spreading action of the eydtat. the first phase, when the
eyes are fully open, theecond phase is when thear film settls over the cornea and
conjunctiva to form asmooth and clear surfacH the eyesremainopen for long enough
following the second phase, the tear film starts breaking up to form an irregular surface over
the cornea and conjunctiva. This is knowrtlastear film breakup phasé This third phase

producesa sensation oflryness antr irritation, causing the eyes to blinknd reform an

2



intact tear film The time taken from the eye opening to the breakupeotear film ighe time

evaluatedvhen determiningear breakup time measurements.

King-Smith et al''suggestedhat here are three possible reasons for tear film thinning or
breakup These are ilthe floutward flowo of the tear film due to evaporation of the tear film,

i) absorption of the tears into the corneadii) it angent i al f Isoghacal o f t h e
tear film thickening.lt was shown by Nichols et #l that the osmosis mechanism of the

cornea only helps in outwardofl of the tears out of the corneahich increases the tear
evaporatiorrather than absorption into the cornea. This finding was supported by an increase

in the osmolarity of the tears due to evaporatiofhe third possibility of tangential flow was
alsolaterrejected by KingSmith et at* andBegley et al® in ther studiesof fluorescén self-

guenching and fluorescent dimmjnghich showed a trend of evaporation ae reason for

thinning rather than tangential flow of teafBhus, it would appear that the major reason for

tear film thinning and subsequent rugus tear film evaporation.

The stability of the tear film is very importaimt maintainng aclear cornelasurface and to
produce good retinal image qualif}®!® Chronic dry eye diseasemay lead to corneal
inflammation?’ If the inflammationremainsuntreatedit is possible that théncreasedear

film evaporationmay eventuallyresult in scarring of the corneavhich can produce
permanent damage to the quality of visidBtudies have also shawa deteriorative effect in

the quality of vision and sual comfort during the tear film breakufdsccording to DEWS
classification,fiDry eye is a multfactorial disease of the tears and ocular surface that results
in symptoms of discomfort, visual disturbance, and tears film instability with potential

damageo the ocular surface. It is accompanied by increased osmolarity of the tear film and



inflammation of the ocular surfagé® Dry eye disease is the most common cause for ocular
discomfort andhe main reasondr discontinuation of contact lense¥ It hasbeen estimated
thatat least 4.46 to more tharb0% of the population(of varying age groupsareaffected by

dry eye disease in the worlthdit is considered a growing econombairdern® The use of
different criteria and different diagnostic procedures to diagnose dry eye in various

epidemiological studiesiakethe estimaton of dry eye a difficult task.

1.2 Diagnostic technigues:

There are several nanvasive and invasivdiagnostictechniques whitc have been adopted

to analysethe quality of the tear filmThe fluorescein based tear breakup tfth8 c hi r mer 6 s
testand phenol red thread test airequentlyusedclinical technique to evaluate the quality

and quantity of the tear film but all these tests have a common probleeingfinvasivein

natureand therebyltering theusual condition®f the tear film. Thdluorescein breakup time
remainsthe mostwidely used clinical diagnostic g& for dry eye.lt was found that the
instillation of the fluorescein dye causes changes to the physimaértiesof the tear filny?°

andthese changes produce variation in the measurements between patients and between eyes

of the same patienQuantification of e fluorescein breakup test is also subjeciive

Measurement ofetarfim o s mol ar ity was considered a fAgol d
dry eye due to its higpredictive accuracy of 89%which ishigherthan manyother test 52!
Even though osmometers are commercially available, the need for collectiariaaje
quantity of tears (BOul), which is especially difficult in dry eye patientslimits the

widegreaduse of tfis testing method??23



To avoid the alteration of the tear film producedby invasive procedures, namvasive
subjective and objective methodsebeing developedPlacido discs weraitially developed

to measure the regularity of the corn@a cases such as keratoconig) dbserving the
changes in the regularityf the concentric black and white circles. Later, using the same
Placido disc principle, video keratoscopes were designed to measure tear film brealag time
well ascorneal curvaturé ?® The reflected light from the Placiddisc is captured by the
CCD sensor in the instrument and the exanwrats for a break in theémage of thePlacido

ring to develop The time takerfor the Racido ring to break from the time when the eyes are
opened is calculated #se noninvasive tear break up tim@&ITBUT). While this test is used
widely in both clinical and researchnvironmentsthe time for the breakup to occur remains

subjecive in nature.

Objective testsuch asneniscometry?® interferometry” 3° and wavefront sensidghave been
developed tdoring more accuracy to the tear film measurements obtained and totla&oid
limitations of fluoresceininstillation and the subjectivity of thePlacido disebased tear
brekup time measurementiowever, @en these objective techniques have their limitations
due to the structural anatomy of the eye afglpositioning.In meniscometry, the profile of
the tear prism height over the lower eyelid margin and the inability @ the exact
demarcation point of the apex of the tear prism cause variation in the measufeBent.
movementaegatively impacthe measurements of thear film in interferometry whereas
the areaof the corneameasured is dependent on thea r t i cpupp size fod wavefront

sensing??



1.3 Aberrations:

Aberrations are the deviation in the path of the light from its original path, when it is refracted
or reflected from the surface of an objécThese aberrations are used to explain the tyuali
of an optical system or individuatlement of any optical systerfihe lower the aberrations,
the more perfect the optics of the system measéitddhe quality of the optics of the eyes or
its componentgan beanalysd similar to any optical systenby examiningthe aberrations
through the ocular systenThere are twocategores of aberrations which are of major
interest?* Chromatic aberration is produced by dispersion pdlychromatic light and
monochromatic aberrationslescribe the departure from perfect imagery of a single
wavelength of light Monochromatic aberrations are measured using aberrometerthieand
overall magnitudeof aberrations in an optical systemusually described by theot mean
square values (RMSyvith higher RMS valueslescriting larger aberrations producéy the
optical system. These aberrations can further be classified into difterapbrentsbased on

their characteristics?

The Zernike polynomialmay be used as mathematidadecomposition of the components of
monochromatic aberrations and aantinuous, orthogonal and designed for circular pupils
For these reasoni,is often preferred over other polynomidecompositions® If the Zernike
polynomials are normalized, each individual coefficient of the polynomial represents the
contribution to theRMS wavefront aberrations obtainedn infinite set of complete
polynomials can be obtained with each polynomial independent of each othezaemd

measures a distinct quality of the surface. Since these polynomials are directly attributable to



the surface quality, a direct measure of the chandkertear film surface can lanalyse

using aberration®

1.4 Dynamic measurements of berrations:

Early research using dynamic aberrations found the aberrations of tlie bgedynamic and
suggested thathe reason foithe dynamic change mape due to changes in thaicro
fluctuations in theaccommodation of the ey&® Later, it was realized that the change in
aberrations were related to the change in the tear didthat during the tear breakup the
aberrations were high comparedatioother time3'2¢-3"This was supported by studies which
measured change in contrast sensitivity and visual acuity with*fitRé. was also foundhat
there isan unknown compensatory mechanism going on inside the eye to compienghte
changes imaberrations produced by the dynamic tear fifnDue to advancein refractive
surgey andthe importanceof dry eye disease evaluatiogreaterinterestwas expressed in
analying dynamicanterior surfaceberratios. More recently studieshaveused topography
of the corneal surface to determine the stability of the tear filmes@ studies were done
based on the change in the curvature or topography of the ¢uftféar by using the surface

regularity and asymmetry indic8go observe a variation in the tear film over tiffie.

MontesMico et af’ were able to measure the dynamic aberrations ofathierior surface
aberations from the time of blink to the start of next blink and showed a common pattern of
change in corneal aberrations among the participdrisy observedhigher aberrations
immediately aftethe blink, followed by a decrease in the aberrations with tiAfeer a few

second, the aberratiosireached a low pat and then started to increaagain®”*! This



pattern appears tofollow fairly well with the stages of tear filnflormation and rupture

explained by Caniero et H.

From the basics providday MontesMico et d.,*! this thesisanalysethe temporal change in
the tear film aberrations anéfine the methodology of aobjective method to explain the

change in tear film quality/stabilityver time.



Chapter 2 : Methods

2.1 Topcon @rneal analysers:

Topcon manufacturesoth cornealanalyserdevices used in this thesiBhe devicesisedare
the CA100 and CA200 corneanalyses (Figure 2-1). The CA200 is a modified and
advancedversion ofthe CA100 cornealanalyser. In this section of the thesis, tluevice
setupand general operatg procedure of both the corneahalyses will be explained. The

method pertaining to each experiment discussenh their respective chapters.

2.2 Similarities between CA100 and CA200 corneanalysers:

Both cornealanalyserdevicesused inthis thesisfeature24 equally spaced black and white
concentric ringsn thePlacido disc During the measurements, the white rings in the stimulus
are interndy illuminated bya 640nmlight source for imaging purposes. The light from the
stimulus is projected onto the surface of the cornea and the reflected light is captured using
the inbuilt CCD camera located at the centre of the stimulus. The captured Dnaggsos
(depending on the type of the test) of the reflected lightaasdyse through a series of
algorithms to calculate the elevation of anterior surface oftéhe filmicornea. Thedata
describingelevationof the surfacebtained fom each imagdrameare used t@alculatethe
anterior corneal surface curvature and the anterior surface aberrattensalgorithm to
acquire andanalysethe dynamic anterior surface aberrations was developed dsp H
TechnologyS.r.l, Italy and is incorporated in botcornealanalyses. Eachcornealanalyser

device has its own version of software irnbui



Figure 2-1: (a) Topcon CA100 corneal analyser device; (b) CA200 corneal analyser device.

2.3 Topcon CA100corneal analyser:

2.3.1 Devicesetup

The CA100 corneahnalyserdevice was connected to the control unit and then to the
computer which has theroprietay software installed. Thattacheccomputerwasused, via a
control unitto operaé the device. All the data from tH@A100 areanalyse and stored in the

computer connected to the instrument.

2.3.2 Operating instructions:

The frame rate, focus and video captare controlled manually by the examiner. Before
obtaining any measuremerthe patiend slatais entered into the database faffirst time
measurement dif recalled selected follow upneasurements are tak@io measure dynamic

corneal aberrati®)th e i Balgdrithm is selectedFigure 2-2). A popup measurement
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window is seen along with the activation of the Placido disc stimulughaf CA100 . The
measurement window consists of a live view window, focus assist, sampiiagniput area
and the progress béFfigure2-3). The sampling time iset to the desired levbkfore start of
the video acquisitioandcan be set in 0.@%teps from 0.1 second to 32 secoadsording to
the study protocol The video can be captured at a maximum frequency of 10§psg the

CA100.

After setting the desired frame rate, the Pladdw reflected from the surface of the object
arefocused by the use of live view windows. At a tentative clearest mire positionidée
captureis initiated by pressing the button in the joystick of the devicemediately after the
initiation the focus assist appeam the side of the live view windoandis used to obtain
optimal focus For the right eye measurement, the focissasppearin the left side of the

live view window for the observer and eicversafor the left eye(Figure 2-3). The focus

assist shows a blue down arrow, a red up arrow or a green colored double arrow according to
the focus 6 the mires. The green arrow in the side of the measurement window was
considered taepresenpbptimal focus. The blue and red arrow indicates slightly defocused
mires. The arrows disappear when the mires were completely out of focus or distorted. The
progess bar at the bottom of the screen shows the length of the video captured. Usually, the

videos can be obtained fonaaximumperiod of 50seasingthe CA100.

11
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File Edt Skatistics Topegraphy Expostion Print  Information
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B

]

Figure 2-2: Patient data and test selection window of CA100 corneal analyzer device.

Exam Date/Tive |4/5/2013 | [17:28 Refraction
Exam Type [CORNEAL Y =
Disgnosis
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Description

b= (=] =

Video
gmufPFS Live video

Figure 2-3: Live view window of CA100 corneal analyzer during the dynamic aberration measurement.
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After each measuremera,popup windows automatically generatito processhe captured
video (Figure 2-4). In this window, the desired pupil diameter and Zernike coefficients
(Figure 2-5) for analysiscan be selected according to the stpdytocol The window below

the image sbws the graph of total RMS variation over time for eadalyse time frame
during image processing 6mm pupil diametewas usedor all the studies in this thesis.
After processing the video for dynamic aberration measures, the RMS, individual Zernike
coefficients data uptthe 7" order and the videwith or without aberration overlay can be

exported

2.3.3 Topcon CA200 cornealnalyser.
2.3.3.1 Devicesetup

Unlike the CA100 cornealnalyserdevice,the CA200 connects to the compuatthrougha
wireless adaptor anal data transferare performed wirelesslyThe CA200 isprovided with

user interface software to add patient details and obtain the measurehineses.features
increase the portability of the instrumeAtfter obtaining the measurements, the data obthin

is either stored internally omdnsferred to a backup computer. The analysis of dynamic
aberratios can be performed only in the desktop software, so all data pertaining to this thesis

were transferred to the computer immediately after the video &cojuis

2.3.3.2 Operating instructions:

As with the CA100, patient data is either created new or imported from the database before
starting the data acquisitiofFigure 2-6). After creating the patient data, a newpup

acquistion window opens with a live view window, progress bar below and measurement
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selection bar in the side. To measure dynamic surface aberratone 6 BUT® al gor

should be selected. The mires reflected from the surface measured are focused shatgtain
and cleamires with the help othe joystick. The video acquisition is initiated by pressing the
button on top of joysticland with the help of focusssist the mires aredcused to get an

optimal focus Figure2-7).

The focus assist ithe CA200 are blue and red arrows, located at four corners of the live view
window. The optimal focus is the position where no arrows are present. The blue arrow
indicates defocus away from the surface and red arrow indicates over focusing of the mires.

Out of focus odecenteredniresareindicated bytheappearance of yellow center ring.

Each measurement can dlatainedfor a maximum period of ghin and all the measurements
are obtained at 25 fps time interval. Once the video acquisition is completiatéheom the
device is transferred wirelessly to the remote computer for processingpropaetary

software installed in the computer imports tla¢a directly from the device.

Using the software, the RMS and Zernike coefficients ufitorder are calulated for a given

pupil diameter. The pupil diameter can be changed according to the protocol of the study. In
this thesis, all the analysisr the CA200 wasobtained fora 6mm pupil diameter. During the
analysis, the window showen aberration overlayf the surfaceanalyse for each frame
analysd and a trend graph of RMS values for eanhlyse frame in the window below the
images Figure 2-8). The trend graph also gives the location of the blinks using a yellow

highlight ba.
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Figure 2-7: Measurement window with live capture window.
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CA100 CA200
Optimum frame rate 4 fps 25 fps
Source power 35 um 6.8 um

Focus assist

Red, green and blue arrows
Green is considered as
optimal focus. Needs

thresholding to find optimal

focus

Only blue and red arrows
Yellow circle forout of
focus and away from cente
of Placido disc

Blink detection

Detects and delete blinks
from the output data

Location and duration of
the blinks are showin
output data

Table2-1: Differences between Ppoon CA100 and CA200 cornemialyses.

Figure 2-9: Placido disc light sourcef (a) CA100 and (b) CA200 corneal analyzer devices.
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2.4 Differences between the corneanalysers:

The major difference between the CA100 and CA200 comeallyserdevices are the frame
rate, brightness of the light source and the blink data.CA&200 capturesideoat a higher
frame of 25fps compared to 10 fps time CA100. The larger number of data points obtained
with the CA200 allowsnore precise the analysis of the dynamic aberrations. The detection of
the location of the blinks b€A200 alsohelps in easy ideffiication of fibetween blinkg data
points. TheCA100 alsoidentifies the blinkbut the location of the blink and data associated
with it are permanently removed from the data obtaimed noindications areggiven in the
output from where the data has beesmoved The source power of the Placido disc also
varies between the instruments. The power outpuh®{CA200 ismuch bwerat 6.8 W,
when compared tthe CA100 of 35uW. This difference in output power of the light source
produces a noticeable differee in the brightness of the lighf the Placido discsource
(Figure 2-9). The table below highlights the overall difference between the two corneal

analyses used in this thesis from the description given abfvable2-1)
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Chapter 3 : Evaluating the Topcon CA100 Surface

Aberrometer Measurement Using A Model Eye

3.1 Background:

The Topcon CA100 corneahalyseiis a Placidebased corneal topographer featuraiguilt-

in module to measure dynamic anterior surfaberrations. Measuring the dynansurface
aberrationsnight involvevariousexternal and internal factors other than just variation due to
the surface of the ey&@here are studies whia@nalyse factors concerning tear film stability,
but no studiesvere found thatlooked into theinfluenceof external factordike instrument
temperature and luminance thfe light sourceon the dynamicanterior surface aberrations
measuremest The noise or the variation due to instrument factors also plays a majonrole i
these external factor$he effect of the noise or the defocus on the dynamic surface aberration
has not been studied befofEo identify the noise associated with the instrument, a non
dynamic reflective surface which can be used to measuface abeationswas neededt is
equally important to get the apmpriate acquisition setting to measure the dynamic
aberrations of the eye. In this study, using a modeltbggim wasto gain insight ino both

thesefactors.

3.2 Objective:

The mainobjectives ofthe studywere to determinethe noise associated with the instrument

using a nordynamic measuring surface and to design appropriate acquisition settitigs for
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measuremestof the ocular surface. In the acquisition settintige aim wasalso to measure

the effect of defocus on the measurements of surface aberrations.

3.3 Methods:

3.3.1 Instrument characteristics:

The CA100 setupand operating procedures were explained in general methods c{&gxer
chapter2.3). The flowchart Figure 3-2) explains the methods used to test the hypoth€sis.

test the validity of the measurements, a-marying ora non-dynamic surface of a model eye

was used. Initially, the optimal frame rate to be used for the measuremerasalygsel, and

then effect of displacement in the optimal focus on dynamic aberrations was measure with

different protocols as described below.

3.3.2 Frame rate and dropped frames

The optimal frameate to acquire video was tested loglculatingthe number of tpped
frames in theprocessedata.Dropped frame are the frames which had zero R¥i& Zernike
coefficient values as a result of processing error due to frame(indéeframe interval)
selected(Figure 2-4). Five samples of gtace aberrationswvere obtainedn three sampling
timesat each focus positiofiFigure 3-1). The three sampling times ustracquire datavere
0.20, 0.25 and 0.30 second$ie rumberof dropped frames in each sample was obtaaretl

averaged acrossachtime point and focus position.
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Figure 3-2: A flow chart showing the measurement categories

Figure 3-1: Live view acquisition window showing blue, green and red focus arrows.
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3.3.3 Focus positions:

To evaluate the variability of the dathreeseparatesamples were obtaingd each of the

green, red and blue focus positions. The protocol used to obtain eachglasitian was to

begin a measurement to find the focus position and then lock the base of the instrument in
position. The measurement acquistion was then stopped and restarted. In the case of the red
and blue measurements, they were obtained at the owtelim@ of defocus(Figure 3-1).

This was achieved by moving the base away from the green defocus in the direction of the red
or blue arrows until they disappeared, then moving back to the position where the red or blue
arrows jist appeared again. This protocol was followed so that a consistent position in the red
or blue defocus region could be obtaindthe abberration were obtained in 0.25 sec

sampling time intervals.

W TN

AT

>

Figure 3-3: Setup for measuring distribution of RMS values in different degrees of defocus. Measurements wert
when the pointer attached to the baserevat 1 and 2 cm interval in both sides of green focus position using th
attached next to the base.
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To examine the effect on the distribution of the measuresraithe degree of defocus from

the optimal (green) position to the outer limits of defocus a small centrimetre scale was
attached to the base of the device. Data acquisitions were obtairseatiatins away, in both

the red and blue defocus directionspnfi the optimal focus positiofFigure 3-3). The

measurements were obtained in 0.25 sec sampling time intervals.

3.3.4 Data analysis:

In this chapter, the summary data, kernel densityfplotlifferent focus positionfAppendix
3, R.code 2 and tests for quantile distributiqgAppendix 3,R.code 3 wereperformed in R
statistical programming softward@he analysis of variance (ANOVA) and pehlbc testso
analysis the differencbetween the samplasere performed using SPSS version*18he

codefor theR “® are listed in the Appendi@under each angsis heading

3.4 Results:
3.4.1 Obtaining the green focus:

To make thegreen focus arrows visible in the measurement screen, the threshold of clear
focus must be crossedlagst twice to make it visibl@his was consistently observed during

all the measurementghich were oldined at green focus positiowhen the values of root
mean square (RMS) of higher order aberrations were plotted againsFigues@-4), there

were two peaks anmloughswithin the initial 15 ses of measurementndicating the crossing

of the threshold twicefollowed by a steady statdor all the subsequenmeasurements
obtained using green focus position, 8 first 15 sec of the dataere removed for further

analysis.
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3.4.2 Droppedframes:

The numbers of drgged frames were calculated for each franage at each focus position.
Table 3-1 gives the average number of dpap frames for each categor@n averagea 50
sec measuremeatquisition periodvith 0.20 sesampling rateggave219 ime points;a 0.25
secsampling rategave 164 time points an@ 0.30 secsampling rategave 146 time points.
When the dropped frameseve analysé for each categorythe 0.25 sec time intervalvas
observed to be optimal due tdaver number of dropped fraes and gave aaverage of 20
time poins more than other frame rates. Maximizihg humber of frames iseneficialdue
to the dynamic nature of the ocular surface. Thgher the number of data points ob&in

the more detailethe analysis of the dynaimaberrationsvas possible.

Dropped frames
Green focus Red focus Blue focus
Rate Total # Mean Total # Mean Total # Mean
0.20 s 19 3.8 15 3 5 1.25
0.25s 9 1.8 8 1.6 6 1.25
0.30s 6 1.2 14 2.8 6 1.2

Table3-1: Average number of dropped frames in each focus positioficarghchsamplingrate.
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Figure 3-4: Raw RMS measurements plotted versus time for the optimal position of focus

3.4.3 Comparison of distribution with repeated measures within a focus position:

The quantile test for homogeneity variation$’* was usedd compare the distribution of
three samples dherepeated measures within a focus position. Té8ts the variation dhe
outer 5%, 10% and 15% die tails of the distribution between samplest the analysis, the
samples were centered on the median values of each acquastisimownn Figure3-5. The
kernel density lot shows the distbution of the samples along the RMS values in Hais

and its density irthe y-axis. The first 15sec of thealues were removed on all tkeamples
analysé. Univariate RMANOVA wasused to examine the differences in the mean of the

distribution of RMS measurements between the samples.
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3.4.3.1 Green focus position:

There was a small but statistically significant difference in the cenik&ANOVA,
F2,339=6.217; p=0.002) and this difference arose betwsmmple 1 andanple 2 (nean
difference =0.009; Tukey p= 0.00p and sample 1 andasple 3 (nean difference 6.009;
Tukey p<0.05). Sample 2 andraple 3 were ot different (nean difference 6.0006; Tukey

p>0.05).

Among all three sampéesample 2 and 3 showed no statistically significantedgifice &ll
p>0.05) forthe 5%, 10% and 15%ails of thedistributions.Sample 1 was different from
sample 2 for the outer 10% (p=0.004) and 15% (p=0.022) of the distribution, and was
different fromsample 3 for the outer 5% (p=0.0002), 10% (p=0.015) &% {p=0.012) of

the distribution.

3.4.3.2 Red focus position:

The meanof the RMS distributions was not significantly different betwa#rsamples RM-
ANOVA, F (2,339 =0.272; p=0.762). The mean difference in RMS between samples ranged

between 0.003 and 0.008.

There were no significant differences in the homogeneity of tiamitor all three samples for
the outer 5% of the distributions (p>0.05). The outer 10% and 15% wgnmdicantly
different betweenamples 2& 3 (p=0.039 (10%), p=0.047 (15%All other canparisons for

the outer 10% and 15% were not significantly different (p>0.05).
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3.4.3.3 Blue focus position:

The mean of the RMS distributions was significantly different between sampiRig- (
ANOVA, F (2,329 =28.325; p=0.000). Posioc testing revealed that thisffdrence arose
between samples & 3 (mean difference=0.01Tukey p<0.05) and samples& 3 (mean
difference=0.02; Tukey p<0.05). There was no significant difference in the centre of the RMS

measurement distributions fsmmples 1& 2.

There were signifigat differences in the homogeneity of variances forttaibe samples for
the outer 15% of the distributions (p<0.05). The outer 5% and 10% were significantly

different between all samples exceatples 1& 2.

3.4.4 Comparison of distributions with repeated meaures between focus positions

Homogeneity of varition was also examined between focus positions for each of the repeated
samples. A Bonferroni correction was made to account for multiple comparisons and a p
value of 0.002 was taken as significaRigure 3-6 shows the box plot distributions of the

RMS measurements for each sample at each focus position.

Green samples 2 & 3 were significantly different at the outer 5%, 10% and 15% of the
distribution from all samples obtained fdhe extreme position of red defocus (all
comparisons, p<0.02). Green sample 1, which showed longer tails of the distribution from

Green2 and Green3, was not significantly different from all samples of red defocus.

The outer 5%, 10% and 15% of the distribns were significantly different between all
samples obtained at the optimal (green) focus position and all samples of the extreme blue

defocus (all comparisons, p<0.002).
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3.4.5 Comparison of distributions for intermediate positions of defocus

Data acquisitios were made at intermediate positions between the optimal and maximum
defocus positions, in each of the red and blue defocus posikanse 3-7 shows the box

plots of the RMS measurement distributions for each of these dpisiéions. As expected,

the value of the mean RMS value is different between focus positions. It can be seen that the
distributions are similar between the green and red focus positions, and that the distribution

for the blue focus positions was larger
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3.5 Discussion:

The blue focus position shows greateeasurementariability than either the green or red
focus positionsfor a static surface targetn addition, the blue focus position showed
significant differences in the centre of the RMiStributions across samples and, although
there were significant differences found betweencemresof the RMS distributions of the

green sample, the magnitude of the difference between the blue samples was much larger.
Thus, this studyconclude thatthe green focus position and red focus positions show more

consistent sample distributions on repeated measurement than the blue focus position.

For all samples, theed samplepositions did not show homogeneity of \&ion in the oute

5%, 10% and 1% of the distribution, whereas green and blue samples showed a significant
difference in the tails of the distributiomhe comparisons between focus positions, the green,
red and bludocus positionshowed narrower butonsistent variabilitypetween theed and
green focus positionsThe sample that had not been consistent within the green focus
position showed similar variability ased focus positionsamplesThe comparison between
blue and other focus positions showed a higher variability in thebdigon of the tails of the
measurementd his studyconcludeghat the variability is more similar between the red and

green samples than between the green and blue samnpéesand blue samples

As for theextreme,defocus positions, the distributiaof the RMS measurements are similar
between the green and red focus positions and vary by a greater amount in the blue focus
position and that this variability increases as defocus away from the optimal focus position

increases.
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The change in the focysosition during dynamic anterior surface aberration measurements
can be expected due to dynamic tear film surface. As there are dynamic changes in the
thickness of the tear film in an open eye interval, it is difficult to maintain optimal focus
during themeasurement. The movement of the joystick during the acquigdionaintain
optimal focusmight introduce a motion artefaict the obtained measuremef@sobservedn

Figure 3-4). Therefore, it is important to maintain a steadgtrument focus during the

measurement

The changes in the tear film, especially during the tear thinning phase, shifts the focus
position towardghe red focus position. It was observed in this study that the measurements
obtained inthered focus posion are less variable and similarttee green(or optimal focu¥
position compared tthe variability of measurements the blue focus positionThese results
suggesthat itis optimal b keep the focus position eithertimeredor 1 ideally - green dcus

positions during the measurements without moving the joystick

3.6 Conclusion:

Moving forward to the human subjects measurements the follomeasurement protocols

were implementedbased on the findings tiie measurement of a static target

i. Data acqusition at an inteframe interval of 0.258 the preferred frame rate for data

acquisitionto give the least number of dropped frames across focus positions.

ii. Data obtained in the initial ~15®flects the focusing procedure andeds to be

manually remued prior to analysis of tear dynamics.
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Even in the optimal focus position there were significant (small) differences in the
distributions between repeated measures. For this reeg@ated samples should be

obtained where possible.

The green and red d¢as positions showed the most consistency within repeated
measurements. The variability of the measurements was also more similar between the
red and green focus positions than the blue focus positions, both at the extreme
positions of defocus and with ir@mmental defocus away from the optimal focus
position. When obtaining the dynamic sampling of human ocular surface
measurements, the optimal position of focus should be obtained at the blink such that
as the tear film dissipates between blinks the measmtsnare being obtained in the

(relatively)red focus position
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Chapter 4 : Spectraland Thermal Characteristics
of an llluminated Placido Disc during Dynamic

Measurementof Anterior Surface Aberrations

4.1 Background:

Ocular surface temperature has beemstigatedas a factor contributing to our understanding
of tear film stability and dry eyeStudies have examined the relationship between ocular
surface temperature artdar film evaporatioff and blood flow***C It was also shown in
studies that the tear film stability depends on various environmental faatcigdng

humidity, room temperature and pollutid?:

Paschides et dlobservedtha a change in room temperature or humidity legah cause
changes to the lipid layer dhe teas and inducea higher evaporation rate. It was also
observed in most of the studies that participants with dry eyealséekper decrease in the
ocular surfacetemperature with time? Along with ocular surface temperatureocular
aberration®>* and surfae aberratiorfé were also found to change witlthange in tear
stability over time. However, the exactechanismexplaining the influence axternalfactors
(like temperature variationand humidity) on the gability of the tear filmwas not well

established.

Placido discs are used collecting temporal variation of corneal surface aberrations of the

eye. Due tahe close working distance of these topographers, a local varatsnexpected
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in the humidity ad the temperature between particigeartd the eyecausing variations in
ocular surface aberrations and tear film stabilfyp previousstudieshave analysé the
instrumenttarget as dactorrelated tathe variation of ocular surface aberrations araal f#ém
stability. In this study,the ocular surface temperature in the presence of two illuminated

Placido discs in front of the eyes at normal working distavaemeasured

4.2 Study Objectives:

The objectivs of this study vere

1. To determine the pectral characteristics of the Placido disc light sources of two

cornealanalyses.

2. To determine the thermal characteristic for a variety of inanimate objects, human
ocular surface and the adnexa in the presence of Placido disc light source at normal

working disance.

3. To compare the ocular surface aberrations obtained using both the coralgaés.

4.3 Methods:

The wo cornealanalyses used in this study wethe Topcon CA100 and CA200. Botlse

the Placido disc principldor the measurement of anterior surfaberaations but the power

output of the stimulus isnarkedly different from each other. This difference in power
introduces a difference in object brightness and a potential change in the spectral distribution

and thermal radiation of the sourCEhe propeties of the stimulusare examined and the
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methods to obtain the spectral and thermal characteristics of the stimulus are explained in this

section.

4.3.1 Stimulus characteristics:

The CA100 andCA200 setupsre explained ithe general methods chapteZh{apter 2 The
main difference between the cornealalyses while acquiringcorneal surface aberration
measurements ithe power output of the Placido disdhe output ofthe CA100 is 35uW
compared with 6.8uW of CA200. This differ@min the power output produces a noticeable

difference in the brightness of the stimu(tiable2-1).

4.3.2 Measurement of spectral and thermal characteristics:

Spectral and thermal measures were obtained in this study th&fR650 SpectraScan
photometelFigure4-1) anda Tasco TH¥500 noncontact infrared thermometg@figure4-6).
Spectral measures were obtained from the surface of the illumin&eid® disc of the
cornealanalyses and the thermal measures were obtained fmonfroom temperature), a
piece of tissue paper and a model eg®,well as from the anterior surface of the apd
adnexaof ten human participantén all cases the measuanent procedures fothe thermal

characteristics wathe same

4.3.2.1 Spectral Characteristics ofthe Placido disc:

4.3.2.1.1 Properties ofthe photometer:

The properties of the photometer includedetection range of 38080nm with an accuracy
of £2 nm. The wavelengttesolution of the photometer is <3.5nm/pixel. The accuracy of the

luminance data obtained usitige photometer is £ 2% of the calculated lumingrate2856<
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@ 23°C. When the photometer was set to focus at infinity, it pro@daeasuring angle of 1
degreewith a viewing angle of 7 degrees. The measurement area in the photometer is seen as
a dark black opaque circle in tleenterof the viewing area. The autsync function of the
photometer helps in adjusting the exposure time of the sensor accordiegédréish rate of

the target.This helps in obtaining an accurate measure of the spectral characteristic and
providesa refresh rate of the target measured. All the spectral measures were obtained with

the photometer mounted on aneera tripod for stabilt®®

()

Figure 4-1: PR-650 SpectraScan photometer used to measure spectral characteristics of the Placic

4.3.2.1.2 Spectral measures:

This phase of the study did not involve any human participants. As provided in the noanual f
each instrment, the Placido disc of the CA100 and CA200 were illuminated by different
powered light sourcefor measuring dynamic anterior surface aberrations. The spectral

distribution of each target was obtained ushmgphotometer.

The measurement obtained indéd (Figure4-3):
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1) Spectral characteristics of each individual ring in the Placido disc (each ring from left
end of the Placido disc to right eradong the central horizontal axis);
2) Spectral distribution of each gdrant (entire target divided into 4 quadrants) of the
Placido disc (upper, lower, right and left side);
3) Spectral distribution of the whole Placido disc;
4) Spectral distribution of the entire ring thfe Placido disc (i.e., measures of the outer
ring, including the rings within it).
For each type of measurement indicated above, the distance between the stimulus and the
photometer was increased or decreased to accommodate the area measured into the
measurement area of the photomékegure 4-2). For example, to measure individual rings,
the distance betwedhe photometer and stimulus was 50¢whereas to measure the whole

Placido disc the separation was around 7m.

40



Figure 4-2: Photometer setuguring spectral measurements
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Figure 4-3: lllustration explaining the setup
Placido disc during each type of spec

(&) Normal appearance ofhe illuminated
Placido disc of aorneal analyzer

(b) Spectral measures ah individual Placido
disc obtained bythe photometer.The @ntral
black circle indicateshte measuringarea of
the photometer;

(c) View using eyepiece dhe photometer
while measuring spectraiharacteristic of the
Placido disc;

(d) Eyepiece view of photometer showing t
setup fora quadrant measure.



4.3.2.2 Thermal Characteristics of the Placido disc:
4.3.2.2.1 Properties of thermometer:

The Tasco THBOO infrared nofcontact thermometer was used to obtain corneal,
conjunctival and eyelid temperatures during the measurements of surface aberrations. It was
evaluated by other investigators fos reliability ard repeatability while measuring corneal

and conjunctival temperaturé®® The thermometer can evaluate temperatures between 0°C
and 300°Cwith a resolution of 0.1°C within a measured wavelength-d6|8m. It features a

red visible point source to obtain the temperature measuremertty dxam the area of

interest.

4.3.2.2.2 Measures from three different surfaces:

Initially, the thermal measures were obtained from air, tissue paper and a model eye before
measumg the surface of the ey€hese measures were obtained from three different surfaces

to determine if there was a dependency of the change in temperature on the nature of the
surface tested. The model gyagure4-6) is a uniform clear surface of fixed curvature made

from a plastic material. The malel eye was positioned in front of the stimulus and the
thermometer was introduced from the side for measuring the temperature from the surface of
the model eye. Similarly, a piece of tissue paper was attached to the head rest and the chin rest
of the instument in front of the stimulus antiermal measures were obtainétr each

surface, two temporal measures of surface temperatures were dhiiging each corneal

analyserEach measure was obtained &ihree minute time interval.
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4.3.2.2.3 Measures from the suface of the eye:

Ten participants were involved in this study. The thermal measures were obtained using the
same infrared thermometdaut the measurements were obtained from the center of the eyelid,
temporal bulbar conjunctiva and temporal cornea wHamihated by the stimulus Placido

disc.

The order of the measurements (CA100 then CA200 or vice versa) was randomized between
participants to minimize any bias in the temperature measurements due to difanetihes

stimuli. Both corneabnalyses were sed ina random order to compare the effect of the
thermal radiations on the anterior surface of the eye. The measures were obtained only in the

right eye of each participant.

The participants were seated in front of the instrument with their chin pladid chin rest.

The infrared thermometer was introduced from the side and was set to measure when the
guiding light from the thermometer formed a point target over the region of in(Ergste

4-6). Measurementsvere obtained for a total of 3 minutes. All the measures from the
thermometer were recorded using a digital camera. The measures were extracted manually
from the recorded videos. In the open eye condition (conjunctival & corneal measures),
participants wee asked to blink normally. At the end of the thermal measures, a measure of

dynamic ocular surface aberrations was measured for a period of approximately 50 seconds.

4.3.3 Study measures:

In this study, the photometric data and surface temperature measuressedbtained The

photometric data obtained are the spectral luminance, radiance along the light spectrum and

43



the peak wavelength. The measure of spectral luminance provides the amount of light emitted
by the Placido disc towards the egad the peak weelength of the light determines the color

of the light emitted by the light sourc&he luminance of the lightneasured is given in
candelagiquare meter (cd® and wavelength in nanometers (nm). The radiance is the
measure of amount of ligl@mergingfrom a sourceer unit area per unit soligngle. The
radiance is given inWatts per steradian per square meter (Whsf). The surface

temperaturesiere measured in degreel€ius(°C).

Figure4-6: Model eye Figure 4-6: Setup for thermal measements.
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4.4 Results:
4.4.1 Spectral measures:

The luminance of the whole Placiddisc of both corneabnalyses was found to be
significantly different (ttest, df= 10, p<0.001ith anaveragduminanceof 31.95 +0.td.m

2 and 5.79 +0.0dd.m? for the CA100 and CA20€espectively(Figure 4-7). The integratdn
time (using the autsync function inthe photometer)which is related to the refresh rate of
the light sourcediffered between the corneahalyses. The average tegration time for the
Placido disc was 42isand 256&1s inthe CA100 and CA200 cornkanalyses respectively.
The larger integration time for measuriting Placido disc indicatethatthe light sourcef the
Placido disc was smoother ambre regulain the CA200thanthe CA100 light source. The
peak wavelength of both the Placido discaswin the red spectrum of the visible light

spectrum at 645nm throughout the measurement period.

Along with the peak wavelengtlhe radiance of the light source across the wavedhengf
thevisible light spectrunwas also obtained he log radiance of eh trial was plotted across
the wavelength athevisible spectrum and a cwiative mean was obtaineHigure4-8). The
ggplot2 package in R statistics was used to thletadiance across different time pointhie
solid line inthe plot represents the global mean of the dataegiss different wavelengths of
the visible spectrumThe grey shadedegionaround the solid lineepresentshie confidence

interval of the data set
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Distribution ofthe data points areshownas green points in the centre of box plot using beeswarm package in
addition,due to larger difference in the valugse Yaxis has a customized axis break (using Pxghdckage of R) to

show both box plot in a single plotAppendix 3R.code 4
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4.4.1.1 Individual rings:

Similar to the full Phcido disc measure, the spectral characteristics of the individual rings in

the Placido discs were measured. This was done to measure the individual contribution of
each ring to the overall spectral characteristics of the Placido disc. The photometer was
located 50cm from the disc during the measurements. The black concentric rings showed no
spectral data on all the trials obtained. The spectral measures of the individual rings were

analyse.

As mentioned irthe methodgchapter4.3.2.1.2, the spectral measures were obtained on each
illuminated ring of the Placido disc from left to right alotig central horibntal axis of the

disc. The overall average luminance of the right and left sidén®CA100 were 92.@d.m?

and 67.24cd.n? respectively.Similarly, in the CA200 the averages were 20cdign? and
15.7%d.m? in theright and left side ofhe Placido disqFigure4-9). The difference between

the average luminance of right and left side of eastrument was sigficantly different (t

test, df11, p=0.038) with difference of 25.27.m? and 4.6¢d.m? in CA100 and CA200
respectively. The peak wavelength was obtained and it was averaged across all the rings. The
average luminance values for eactiiwdual rings are listed in table below. The ags peak
wavelength was 644nm and 642.13.98nm inthe CA100 and CA200 corneanalyses

respectively(Figure4-11).
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Luminance of CA100 Luminance of CA200
(cd.n?) (cd.m?)

Individual rings (from center)| Towards left side | Towards right side | Towards left side | Towards right side
1string 60.8 +0.16 11145+ 0.5 12.17 + 0.022 28.6 +0.24
2nd ring 66.67 £ 0.21 33.71+£0.23 16.94 + 0.041 44.1 +£0.13
3rd ring 42.63 £0.11 94.24 +0.78 11.32 + 0.027 24.4 + 0.083
4th ring 3849+0.1 69.9+0.6 9.74 + 0.027 18.21 + 0.065
5th ring 50.89 £ 0.13 75.88 +0.44 12.92 + 0.036 21.63 + 0.092
6th ring 60.06 + 0.22 87.73 £ 0.64 15.49 + 0.06 23.48 £ 0.053
7th ring 59.22 +0.14 84.99 + 0.52 14.17 + 0.035 18.33 £ 0.055
8th ring 64.90 £ 0.53 84.42 + 0.52 12.96 + 0.03 16.85 + 0.055
9th ring 88.12 + 0.25 1154+1.21 17.85+0.04 19.85 + 0.06
10th ring 78.38 £ 0.26 89.5+1.21 16.8 + 0.09 13.30 + 0.04
11th ring 98.53+0.72 155.34 + 1.17 28.3% +0.07 8.68 + 0.015
12th ring 97.01+0.3 106.5 + 0.62 20.72 £ 0.031 8.03 £ 0.02

Table4-1: Average luminance values for each individual ring and side in CA100 and CA200 canabales
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4.4.1.2 Quadrant measures:

The quadrant measures were obtained to confirm the discrepancy in the luminance difference
obtained in spectral measures of individual rings between sides. The Placido disc was divided
into four quadrants and spectral measures were obtéanebloth cornealanalyses. The
measurements involvehe cumulative luminance foboth black and illuminated ringsAs
observed in the individual rings, the difference in the luminandbexight and left sids of

the CA100 is higher compared to the luminancéhefCA200. The luminance obtained in the
CA200wasmorerepeatablewith a standard deviation of 0.8&m?compared to the standard
deviation of 2.58d.m? in the CA100 across all quadranfBable4-2). The average luminance

of all quadrants was 44.¢d@.m? and 9.98d.m? in the CA100 and CA200 respectiveljhe

box plot inFigure4-10 alsoshowsthe distribution of the luminance between quadrants.

4.4.1.3 Disc measures:

The disc measure was obtained by changiveg distance between the photometad the
Placido disc. The centref the measuring area tiie photometer was overlapped with the
center of the Placido disc and measurements were obtained with each illuminatedheg in
Placido disc agheedge of tle measuring area. The cumulative luminance of the Placido disc
was found tahangewith the inclusion of each illuminated and black concentric ring from the
first ring. The change in the luminance was negative in the CA20Ghdgihclusion of each
ring, whereasn the CA100 there was a decrease in luminanceéoupe 5 illuminated ring

after whichthere was an increase in luminance and togimarp decrease in the luminance of

the whole Placido disto the12" ring; Figure4-12).
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The wavelength for each concentric ring of the Placido discth@sameand consistent

across ringshetween the CA100 anthe CA200, as shown inFigure 4-11. The peak

wavelength of both the cornemtalyses was 644nm aoss all the illuminated rings.

Luminance in CA100| Luminance in CA200
(cd.n?) (cd.m?)

Whole Placido disc 31.94+0.1 5.79+£0.01
Quadrants

Right 48.15 + 0.083 8.56 + 0.025

Left 41.24 + 0.086 10.91 + 0.03

Inferior 43.65 +0.11 10.45 £ 0.03

Superia 43.67 £ 0.11 10.05 £ 0.017

Table4-2:List of average luminance values oétRlacido disc in different quadrants atite whole Placido disdor the
CA100 and CA200 corneal analygeluring measurement of dynamic anterior surface aberrations.
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4.4.2 Thermal measures:

The thermal measures were obtained on the surface of the thgssarface ottheinanimate
objecs, unlike the spectral measure@gich weremeasured on the surface of the Placido disc.
This was undertakernto check the influence of thermal radiation on the surface of the eye
during the measurement. As mentionedha methodssection the inanimateobject were
measuredefore measuring the surface of the eye. The results oth®ibhcularsuface and

inanimateobjects are listed below.

4.4.2.1 Inanimate objects measures:

The inanimateobjects used were air, a piece of tissue paper and a model eye plédred at
approximate position of theorneal planén the headresiThe results of temperature vaias
acrossa 3-minuteperiod showed varying levels of change in temperature ath@djfferent
object types. The surface temperature also depended on the type of object measured. A linear
regression analysis was used to evaluate the amount of chaegeperatee over time with
each objectA summary of slope and its significance from zero was list&abie4-3 below.
There was a positive increase in temperature with all the ohjsictg both corneanalyses.
However, the rate of change in the temperature was very ,sWlwch is shownby low
positive slope valuesVith the model eye, there was an increase of 0.2°C at the maximum
with both instrumerst Similarly, with tissue paper and air, there was no stespin the
surface temperature in the presencetha illuminated target(Figure 4-13). These results

indicate that the surface temperature measured depends on the type of object measured.

55



CA100 CA200
Slope(°C/s) p-value Slope(°C/s) p-value
Air 0.00046 0.082 0.00048 0.00178
Tissue paper 0.00091 0.0019 0.00064 0.0152
Model eye 0.00033 0.068 0.00063 0.0001

Table4-3: List of slopes and its significance for different objepesy

CA100 (° C) CA200 (° C)

Eyelids 34.13+0.31 34.26 + 0.38
Conjunctiva 33.60 £ 0.65 33.76 £ 0.57
Cornea 33.87 £0.38 33.72+0.40

Table4-4: Average surface temperatures obtained during aberratieasures usinthe cornealanalyses.
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4.4.2.2 Ocular surface temperatures:

The ocular surface measures were obtained filoencornea, conjunctiva andyelids of
human participantslhe mean age of the group of participants involved in thiystias 27.8
+4.9 years of ageQOut of 10 participants,4 were males and 5 were femaleshefration
measures were also obtained on the same participants follosurfgce temperature
measuresThe thermal measures obtained from all 10 participantge \&eeraged for each
location. The cornealsurface temperature was 33.80.38°C and 33.72+0.40°C in the

presence of CA100 and CA200 cornaahlyses respectivelyTable4-4).

To analyse the temperature variation over time between rimsents, the analysis of
covariance (ANCOVA)was usedo find the changes in the trend of ocular surface thermal
measures from all participant§he slopes were fit for each participant and then the slopes

compared between instrumeliisable4-5).

4.4.2.2.1 Eyelid:

The average slope over the 180s time period for the CA100F was +Q60&3d for the
CA200F was +0.0004€/s. Across subjects, the data was not significantly different between
the CA100Fand CA200F (pairedted; df=9; p=0.487). Most of the participants (CA168),

CA200-7) showed an increase in ocular temperature with tifigaire4-14).

4.4.2.2.2 Conjunctiva:

The average slope over the 180s time period for the CA100F0A@&104C/s and for the
CA200F was +0.010Pg/s. Across subjects, the data was not significantly different between

the CA100Fand CA200F (pairedtest; df=9; p$9.336).0Only a few participants (CA100,
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CA200-3) showed a significanincrease in ocular temperatureith time. Most of the
participants (CA10&, CA2005) showed no significanthang in temperature with time

(Figure4-15).

4.4.2.2.3 Cornea:

The average slope over the 180s time period for the CA100F was +062&ed fa the
CA200F was +0.00234/s. Across subjects, the data was not significantly different between
the CA100Fand CA200F (pairedtest; df=9; p#H.758) Only a few participants (CA104,
CA200-2) showed an increase in ocular temperature with. st of the participants with

CA200 (=6) showed no significarthange in temperature with tinjlgéigure4-16).

4.4.3 Surface aberrations:

The higher order RMS was obtad for all the participant®©ut of 10 participantshe data
were extractedfor 7 participants. We were not able to process the video obtainedttieom
remaining three participants dueanunknown error during image processing. The average
HOA root mean square (RMS) values obtained from each particigs.59 + 0.2345um
(n=7) and 1.0477 = 0.692um(n=7) in the CA100 andthe CA200 cornealanalyses
respectively(Figure4-17). The HOA RMS obtained were not statistically significant different
between instrument$ndividual coeficient datawere also obtainedor all participants.The
average spherical aberrations we€l44 + 0.1488um and-0.2848 = 0.0704unfor the
CA100 and the CA200 corneahalyserdevices A list average oindividual coefficients is

shown inTable4-6.
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Sub.d Eye lids Conjunctiva Cornea
Comparison Comparison Comparison
CA100 CA200 | between CA100 CA200 | between CA100 CA200 | between
instruments instruments instruments
(50'8/2‘)3 (SO'(C:’/F;‘; p < 0.05 (So'&z‘)a (So'&z‘)a p < 0.05 (SO'(‘;FS"; gg‘;‘; p < 0.05
1 0.0003 | -0.0005 * -0.0004 | -0.0048 * 0.0249 0.0246
2 0.0010 -0.0007 * 0.0021 -0.0035 * 0.0076 -0.0007 *
3 0.0026 0.0027 -0.0039 | 0.0001 * -0.0040 | -0.0005 *
4 0.0007 0.0001 * -0.00003 | 0.0002 -0.0014 | -0.0005
5 -0.0007 | -0.0001 * -0.0017 | -0.0009 -0.0025 | -0.0013
6 0.0007 0.0007 -0.0003 | -0.0012 0.0015 | -0.0012 *
7 -0.0006 0.0005 * -0.0045 | -0.0016 * -0.0009 0.0001
8 0.0010 | 0.0012 -0.00001 | -0.0027 * -0.0011 | -0.0001
9 0.0009 0.0008 -0.0006 0.0028 * 0.0056 0.0031 *
10 0.0005 0.0001 * -0.0014 | -0.0003 -0.0030 | -0.0001 *

Table4-5: List of slope values for thermal measures of each participants and their significance anyeared between instruments. The bold values represent the slopes, which
are significantly differentfromzemnd O6* 6 r epr esent s a theislgpe fofeacmsrmmenfANCOVARr ence bet ween
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Coefficients CA100 (pum) CA200 (pum)
Vertical comaZs™ 0.0186 + 0.1201 0.1353 + 0.2142
Horizontal com&Zs! 0.0547 + 0.2409 0.1133 +0.4506
Spherical aberratioriz° -0.1445 £ 0.1488 -0.2848 £ 0.0704
Vertical trefoil Z33 -0.0844 + 0.1147 0.1162 + 0.1436
Horizontal trefoilZs® -0.1736 + 0.1147 -0.0877 +0.1387

Table4-6: List of average aberration coefficients obtained in CA100 and CA200 canablses.

45 Discussion:

The spectral measureschibit a definite difference between the luminancetbé Placido
discs.There was notable difference in the luminance distribution of the light source between
guadrants and between sides the CA100 topographer, whereas the light source was more
evenly distributed in the CA200 cornealalyser The inconsistency in theminance may be

due to the type of light source or the difference in the distribution of the light sources behind
the Placido discTo our knowledge, no studies haapalyse the spectral characteristics of

the Placido disc light sourc&éhe wavelength othe lightfrom both the Placido discs wése

same ad it did not change over tim&his indicates there iso influence of the wavelength of

the light source on #thcorneal aberration measurééthough the peak wavelength was not
different between thewto devices, the higher luminance tife CA100 might inducea
photophobicand/or reflex tearesponse, whicmay contribute to a difference in the measured

aberrations between instruments.
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When it comes to ocular surface temperature, there are many sitndidsch ocular surface
temperaturevas reportedusinga thermometer or thermograpi:#9°9525%61 Most of these

studies agrethat there is a decrease in the corneal and conjunstivizice temperature with

time. They also observed a steeper decrease in the surface temperature with time in dry eye
participants compared to normal participants. All these measurements were taken directly on

the cornea without the influence of an external soPéé:>%-61

In our study, two Placido disc light sourcesere usedat its normal working distance to
measure their influence on the ocular surface temperature vari@ooneal temperatures
obtained inthis study weresimilar to previousstudies and there was no sigeaint difference
in the changen surfacetemperaturever time betweenorneal analyserg\ smilar trend was

observed witltheeyeid and conjunctival tempetae over time

Thelocation of the thermometer during ttemperatureneasurementas a limitation in this

study Due to the Placido discodés | arge di amet el
had to bantroduced from the siddetveenthe eye andhe Placido discA study conducted

by Morgan et aP? measured ocular surface temperature uamigfraredthermographwhich

provides ocular surface temperature for the entire ocular sudtes than a reference point.

They obsered a variationin corneal temperature from the centertloé cornea towardthe
peripheryand that itdepended o the curvature of the cornea@hus, becausthe curvature

differences between patientgere not controled or correced this may be the reasofor

differing trends inthetemperature betweestudyparticipants.

The higher order RMS was nsignificantly different between the corneahalyses, although

onaveragethehigher order RMS was high&sr the CA200 compared tthe CA100.
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4.6 Conclusion

This studyfoundthat

The CA200 is the preferred devide use for these studiémcause of the consistent

luminance.

Although aberrations were not significantly different between devices, the HOA RMS
were higher with the CA200 and, combingith different luminance and possible tear

response, indicatébat the twadevices are not interchangeable.

For both instrumentsthere waso indication that there is a thermal response induced
by the power of the light sourcelherefore, this aspect of the soudmes not likely

contribute to any difference in the aberrations measured by the two devices
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Chapter 5 : Assessmenbf Tear Film Stability /

Regularity Using Surface Aberrometry

5.1 Background:

An increasdn HOAs has been associated with NITBUT in normal and dry,&y8$° and

the magnitude of HOA associated with the tear film are higher in individuals with dry eye
than in those withoutt®® An increase in HOA haalso been noted with soft contact lens
wear® %’ with some dependence on soft contact lens dé&Rji shorter NITBUT in contact

lens wearers has been found to be associated with reduced optical quality, and is thus

implicated in blurry visual symptoms with lens wedr.

A stable tear film is critical irder to maintain &ealthyocular surface and to provide good
optical quality. Both invasive and namvasive methods exist to evaluate té&bn stability;
however, they do not provide a good measure of the dynamic nature of the tear film. The use
of surface aberrometry may provide an instantaneous, discriminatoagures of tear film

stability, as well aa dynamic measure of temporal tear film stability.

Using the results from l@apter 3, the study desidor this chapter was alteredhe first 15
seonds of the measurements were discarded, measuream@ate obtaind at 0.25 sec
sampling time andhe focus was maintainet either green focus or rédcus positions for

maximum accuracy.

This study intended to examine the measurement ,itbglfobtainingmeasurements on
human participants for differerdlink regimen,and head positionand the impact on the
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measurement ofasalshadow, eyelashegfc. on the measurement areh also examing
existing output metrics (already published for similar procesiuin addition to other metrics,

particularly those that may characterize the dynamic/local nature of the tear film.

5.2 Objectives:

Theoverallobjectives of this studyvere:

1. To determine the optimal method for acquisition with respect to normal physidlogica
processes, by examining the blink regimen and head position that elicits the most

consistent response over the largest region on repeated measurement.

2. To determine the largest region selected for analysis by investigating the effect on the
individual andsummary aberration metrics of the inclusion of mo@asurement areas
(i.e. where the Placido disc cannot be projected onto the cornea or contact lens). The
proportion of noAmeasurement area that elicits a significantly different result will be

determined

5.3 Methods:

5.3.1 Study design:

This study was conducted as a fspensing assessment in which thethodology for
optimizing measurement acquisitiovas developed. Various methods of datgpturewere
explored (e.g. blink regimefnatural vs. forced and head position). Measurements with

different read positios was used to analyse tin@issingareadue to shadows from the nose
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and/or eyelashes, preventing capture of data across the full cornea or contact lens. The impact

of these areas on the outcome measuwasdetermined.

Twenty adapted soft contact lens wearersre screened with the goal of enrolling twelve
participants: six who demonstrate poor soft contact lens wettability and poor tear film stability
with no lens (Group A) and six who demonstrate gsoftl contact lens wettability and good
tear film stability with no lens (Group Bfparticipant eligibility was determined at a screening
and fitting visit according to the inclusion and exclusion criteria outlimeldw. Informed
consent was obtained froall participants prior to enrolment in the studjherewerethree
scheduled visitdy the participantso the CCLR research facility during the studfythey

were succed$slly enrolled into the studyincluding the initial screening visit and two
additional visits on two separate daysthics clearance was obtained through the Office of

Research Ethics at the University of Waterloo, prior to commencement of the study.

5.3.2 Inclusion and exclusion criteria:

A person wagligible for inclusion in the study He/she:

1. Wasat least 17 years of age and has full legal capacity to volunteer;

2. Hadread and signed an information consent letter;

3. Was an adapted soft contact lens wearer;

4. Was willing and able to follow instructions and maintain the appointment schedule;

5. Had had an ocular examination in the last two years;
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6. Hadclear corneas and no active ocular disease;

7. Hadwet t abi |l ity O grade 3 wiirvdsivettdarcbieakp ha bi t t
time (NITBUT) of < 5 seconds with no | ens

habitual lenses and a NITBUT of > 10 seconds with no lens (group B).
A personwasexcludedrom the study if he/she:
1. Hadany ocular disease;
2. Hada systemic condition that may affect a study outcome variable;
3. Was using any systemic or topical medications that may affect ocular health;
4. Hadknown sensitivity to the diagnostic pharmaceuticals tadsal in the study;
5. Hadundergone corneal refractive surgery;

6. Had any clinically significant lid or conjunctival abnormalities, neovascularisation,

corneal scars or corneal opacities.

5.3.3 Study visits:
5.3.3.1 Screening and fitting visit

On the screening visipartcipantswere advised to wear their habitual lensmsat least 5
hours before the screeningsit and to follow their regular work schedule. The participants
were scheduled in the afternoon hours for the screening visit, to allow fonfiveir s 6 t i me

interval from the time ofcontact lensnsertion The enrolled participants were screened with
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their habitual lenses for lens wettability and tear break up time without contact lenses. The

participants were then included or excluded from the study accordihg pyotocol.

From the list of twenty participants screened, twelve participants were recruited for the
follow-up visit. These participants had their lens wettability grade and NITBUT values within

the limits of inclusion criteriaTable 5-1). Each group (normal and dry eye group) had six
participants (5 females and 1 male in each).
and dry eye gr oup 0Fablega s Otledrefractiviandlhabitudl contach r s (

lenscharacteristics ahe twogroups are listed ifiable5-3 andTable 54

After the screeningisit, the B&L Purevision lenses weretétl on the same daccordng to
the manufacturerods guidelines. I f the | ense:c
decenteratiorfor a particular participant, that person was not enrolled in the study. The lens

parameters of the Purevision lenses are listd@bie5-5.

Normalgroup Dry eyegroup

oD ON) OD oS

Wettability with habitual

0.20+ 0.1 0.42+ 0.2 3.00+0.24 2.88+1.07
lenses

NITBUT without habitual

8.38+1.24 | 10.12+2.08| 4.80+1.27 | 5.30+1.43
lenseqseconds)

Table5-1: Lens wettability and NITBUT characteristics of each group during screening visit
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Normal group

Dry eye group

Age

26 £ 5.9 (21 to 35 yrs)

34.7 £10.3 (24 to 52 yrs)

Gender

1 male, 5 females

1 male, 5 femake

Average CL vearing time of

wear

. 11.5hrs£2.3 10.5 hrst 3.3
habitual lenses
Average no. of days of wea 5.5 dayst 1.0 504123
of habitual lenses per weel
Average no. of years of CL 5.0 yrs + 4.3 13.7 yrs+ 12.5

Table5-2: Age and habitual lens characteristics of normal and dry eye group.

Normal group Dry eye group
oD OS oD OS
K-readings Flat K 43.12+ 051 | 42.96+0.61 | 44.45+1.55| 44.25+ 1.54
(Dioptres) Steep K | 44.34+0.79 | 44.27+£0.98 | 45.50+ 1.53| 45.33+ 1.45
Corneal
cylinder -1.22+0.43 | -1.36+0.57 | -0.96+0.26 | -1.08+ 0.27
(Dioptres)
Refractive
error Sphere -2.4+2.22 -2.67+2.47 -3.8+ 0.9 -3.52+1.28
) Cylinder -0.87+ 0.68 -0.89+ 0.93 -0.5+0.42 | -0.62 +0.46
(Dioptres)

Table5-3: Refractive characteristics of normal and dry eye group.
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No. of
participants

Normal group

No. of
participants

Dry eye group

1 Acuvue2 4 Acuvue Oasys
1-Day Acuvue
3 Acuvue Oasys 1 TrueEye
Lens type , ,
1 Dailies Torics 1 Alr Optix
Multif ocal
1 Dailies Aqua
Comfort Plus
2 OptiFree Replenis
Lseorlljtﬁ)a;lre S ClearCare
2 ClearCare
1 Monthly 2 Monthly
Wearing , '
modality 3 Biweekly 3 Biweekly
2 Daily 1 Daily

Table5-4: Habitual lens characteristics of each group during screening visit.
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Identifier

Pure/ision contact lens

Manufacturer Bausch & Lomb
Material Balafilcon A
FDA classification Group I

Health Canada license #

25928 and 22080

Health Canada device

identifier PUREVISION
EWC (%) 36%
Dkt (-3.00D) 101
BOZR (mm) 8.3,8.6
Diameter (mm) 14.0

Spherical powers (D)

-0.25D t0-6.00D (0.25)
-6.50 to-12.00D (0.50)
plano to +6.00D (0.25)

(8.3 mm)-0.25D t0-6.00D
(0.25)

Table5-5: Study lens parameters.




5.3.3.2 Follow up visits:

Following a successful screening aittlirfg visit, participantgeturredfor the first study visit
(Visit 1) after two days of no contact lens weareddurementof NITBUT, surface
aberrations were obtaindaefore and after insertion & new pair ofstudy lensesThe
measurements of lens wettability were only obtained with the study |&egsmeasurement
was randomized between eyes and between measurement types, to avoid order effects
influencing the redts obtained Table5-6 andTable5-7). The order of measurements in the
second visit was repeated time same order as the first visN.isits were scheduleth the
afternoon and all participankedvisits within the same one to twours (i.e. between and

3 p.m.) These proceduresererepeated on a separate day).5hours fromthe time Visit 1
was conducted (Visit 2Each study visit included three sets ofasuremestseparated by
15-minute wai period. Measurements were separaietb 3 categoriesbefore study lens

insertion, immediately after study lens insertion and 30 minutes after study lens insertion.
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Group

Normal(N)/ | ID. No. Test 1 Test 2 Test 3

Dry eye (DE)
DE 3 Pre lens NITBUT Aberrometry Lens wettability
DE 4 Lens wettability Aberrometry Pre lens NITBUT
DE 5 Pre lens NITBUT | Lens wettability Aberrometry
DE 7 Lens wettability Aberrometry Pre lens NITBUT
DE 8 Pre lens NITBUT | Lens wettability Aberrometry
N 10 Aberrometry Lens wetability | Prelens NITBUT
N 12 Lens wettability Aberrometry Pre lens NITBUT
N 14 Lens wettability | Pre lens NITBUT Aberrometry
N 15 Aberrometry Lens wettability | Prelens NITBUT
N 16 Lens wettability Aberrometry Pre lens NITBUT
N 18 Pre lens NITBUT | Lenswettability Aberrometry
DE 20 Pre lens NITBUT | Lens wettability Aberrometry

Table5-6: Randomization talkel for the order of measurements.
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Group (N/DE) ID. No. | Natural blink | Forced blink| Head position
DE 3 ou oD (0N}
DE 4 ou 0N} oD
DE 5 ou oD (0N}
DE 7 ou oD (0N}
DE 8 ou O] oD
N 10 ou O] oD
N 12 Oou OoS oD
N 14 Oou OoS oD
N 15 Oou oD (O
N 16 Oou oS oD
N 18 Oou oS oD
DE 20 Oou oS oD

Table5-7: Randomization tableof aberrometry measurementsrced blink and head position
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5.3.4 Study measures:

5.3.4.1 Contact lens wettability:

Wettability measurements were performed by viewing the specular reflection of tlempre
tear film under high magnification (32X) and very low illuration (both internal and
external light diffusers on the slit lamp). Two examples of the image of the specular reflection

used for grading are shownfigure5-1.

Figure 5-1: Exanples of good imagejuality (grade 0) (left) and poor image qualitygrade 4)(right) of the specular
reflection off the prdens tear film.

Surface drying between blinks andwetting with each blinkvereconsidered when deciding
on the final wettabilitygrade. Nasal and temporal sides of the lens are each graded separately
and the final gradevasan average between the two. Al @rading scale, with 0.25 grading

steps was used. Wettability measurements were repeated on visit 1 and visit 2.

5.3.4.2 Non-invasive tar break up time (NITBUT):

Following wettability measuremengt thescreening visit, participants removed their habitual
lenses and waited for 10 minutes before NITBUT measurements were obtained. NITBUT was

assessed by using the Affdscorneal topograpdr. The instrument has a keratoscope unit that
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produces concentric rings of light, which are reflected off the cornea and irhpge@CD
camera. Participants looked at a fixation target at the centre of the concentric rings of light
and were asked to blin 3 times before each measurement was taken. NITBUT was
determined by measuring the time taken for distortions or discontinuities to appear in the
reflected image of the concentric ring pattéfigure5-2). The time (in second$pr thefirst
distortion of the ringsvas measured using a stopwatch, to the neareste@dnd. Three
measurements were takdior each eye and average@n visit 1 and 2,NITBUT

measurements wetakenbeforelens insertion, 15 and 30 minutes plests nsertion.

Figure 5-2: A schematigepresentation of tear breakup duritfge NITBUT test.
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5.3.4.3 Surface aberrometry measurements:

The temporal measurements of ocular surface aberrations were obtainedhasiiogcon
CA100 corneabnalyser The methods to obtain dynamic aberrations ugiegA100 corneal
analyserwas explained itChapter 2The methodology for obtaining the surface aberrometry
measurements in vivo werdeterminedby the outcomes ofChapter 3 (measurement

acquisitions from a model eye).

The acquisition parameteidlowed while acquiringneasurements with human eyes were

1) Data was acquired with an inttame interval of 0.25s;

2) The first 15s of data, obtained while the optimal focus arrows were being obtained,

was removed and

3) The green (optimal) focus position wastermined immediately pebtink.

At each visit, multiple acquisitions of surface aberrometry measurements were obtained for
evaluation of repeatability of the measure and any developed metrics. In addition, measures
were obtained in the straighheadposition, with 10° and with 20° of head tufffigure 5-4)

to allow assessment of the impact of shadows from the lashes and nose on the area of the
target projected onto the cornda. measure aberrations in different head turegree scale
(protractor) was attached beldke participants chin reswith 9C° located at the center of the

chin rest Figure 5-3). Whenthe participant lookd straight ahead, the tip of the nos@as

aligned with the 9D of the degree scale. With 1@nd 20 degree head turn, the tip of the

nose was aligned with a head turn to the desired measurement angle. Participants were
instructed not to change their head position during the measurement plesisity,
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measurements were talned with natural blinking and with forced blinkingliok every ~8
seconds)During the forced blink interval, the examiner activated a metronome calibrated for
1 sec time interval between two sounds and participants were instructed to blink every 8 sec

by the examiner.

Figure 5-3: The degree scale (protractor) attached to the bottom of the chin rest as a guide for measuring
aberrations at different head turn angles.

Figure 5-4: Head turn was determined by aligning the nose tip to the center in primary gaze (a, )to 10° (b) and 20° (
off the center.
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5.4 Data analysis:

Raw surface aberration data wesmoothed using a running mean procedure (k=moving
window size=11), with the moving window centred on the central time point of capture. The
purpose of this procedure was to minimibe between measurement variability without

losing the trend of the data over time. This procedure was undertaken using the ‘BaTools
package in the R statistical softwdfeT he pr ocedur e generated a o0
point and, in addition a oO6running SD6 for th
be constructed aund the running mean that would describe the variability within a window

across time. Therefore, data showing high variability within a window (as might be expected

with emergence of areas of surface dryness) would have a wider confidence intervatghan da

exhibiting low variability.

The area covered ke Placido disceach of then three head turn positions wealculated
usingImageJ(v.1.46.a)application softwaré! After obtaining the areas between the eyelids
of individual participant, values were compared between the participants and groups using

repeated measures ANOVA.

Oneway analysis of variance was used to compare betwesnalanddry eyegroups for
single estimates of any measure per subject. Repeated meabl@®AAvas employed for
comparison betweemormalanddry eyegroups with multiple acquisitions of the aberrometry

data on the same subject (SPSSV20
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5.5 Results:

5.5.1 Contact lens wettability:

The contact lens wettabilitybtainedin the right eyeof eachparticipantwas not significantly
different between visits (Visit 1, Visit 2; RMNOVA F(,1170.215; p=0.652) buivas
significantly higher athe 1hr measurghan atthe 15minsmeasure (masure 15min & 1hr);
RM-ANOVA F(1,11~=8.308; p=0.015§Figure5-5). This difference was not different between

visits (Visit*Measure; RMANOVA F(1,11=3.090;p=0.107).

The lenswettability in the left eyavas not significantly different betwedhe 15min and 1hr
after contact lens insertion in both groupgisit; RM-ANOVA F(,1170.120; p=0.736;
Measure; RMANOVA F(1,11=15.619; p=0.002; Visit*Measure; RMNOVA F(,11~0.886;

p=0.367)(Table5-8).

5.5.2 NITBUT:

There was no statistically significant difference between the NITBUT between visits
(screening, visit 1 & visit 2; RMANOVA F2,22=1.831; p=0.190), between eyes (OD & OS;
RM-ANOVA F1,1170.266; p=0.616) or their interaction (eyes*visits; RNOVA F(,

22=3.124; p=0.068Table5-8)
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Normal group

Normal group

Dry eye group

Dry eye group

visit 1 Visit 2 visit 1 visit 2
. oD 0.41+ 0.2 0.54t0.29 1.63+1.21 1.92+1.10
CL Wettability-
After 15 min
(O 1.00+1.24 1.00+0.63 2.50 .38 2.8#0.97
- oD 1.13: 093 1.00+0.39 250+ 1.04 1.91+0.89
CL Wettability-
After 1 hr
(O 1.67£1.29 1.54+1.08 3.13+ 085 3.08: 0.77
, oD 7.41+2.6 8.36£1.99 5.53t 1.05 5.56 2.17
NITBUT- Without
CL (sec)
(O 7.42t1.81 8.54+2.89 4,72+ 1.61 4.7%1.07
i oD 6.9£2.25 6.70:1.58 513 1.71 5.40Gt 1.90
NITBUT with CL-
After 15 min(sec)
(O 5.51+1.03 5.7+2.04 4.48 1.03 4.231.23
_ oD 6.08:0.88 7.11+1.82 4.72¢1.12 5.50t1.3
NITBUT with CL-
After 1 hr(sec)
(O 5.6+£1.6 5.58t1.45 4.00t1.71 5.191.31
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Table5-8: Average and standard deviation of lens wettability and NITBUT measurement of visit 1 and visit 2.
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min.
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Figure 5-6: Visit 1-NITBUT measurement comparisons between the group and measuremerdgagarements without contact lens, 15min and 1hr after contact lens inst
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5.5.3 Clinical measurement optirmization:

5.5.3.1 Analysis of target area with head position:

Video of the Placido diswas exported from the TOPCON measurement device without the
aberration map superimposed. The video was cropped to a segment that excluded the first 15
seconds (where instrumefdcusing took place) and included at least 3 blinks. The video
segment was then converted to a jpegge sequence. A single jpeg was selected from the
postblink phase in which the Placido target rings were clear and was representative of the

coverage seein the image sequendeéigure5-7(a)).

The selected image was cropped at the limbal regiogule 5-7 (b)). The image was
converted to a binary image using local atiesholding (NiBlack with a rads of 8 pixels;
ImageJ, v.1.46a NIH Image, Bethesda, MD, USA). This procedure highlighted the white
Placido rings in black and all other parts of the image as w¥igere5-7(c)). Discontinuities

in the Placido rings (shadow®in eyelashes or nose) where coded as white. The coordinates
of the centre of the cornea were located by selecting the inner edge of the central Placido ring

(Figure5-7(d)).

A 500x500 pixel selection box was dravaentred on th@osition of the central corngand
the image was cropped. The percentage area dd@be500pixel box thatwas black was
measured and this wasalysé across images and in different head positi&ingufe5-7(e)).

The number bcomplete target circles was also determined for each condition.
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Figure 5-7: Image processing procedures to identify percentage area of 500-giX€ltarea that icovered by the Placic
target. (@) Original jpeg exported from movig¢b) Crop to limbal area; (c) Local autthreshold (NiBlack, Radius 8pixel
(d) Locating the centre of the cornea; (e) Crop to 500x500 pixel box centred on the corneal centre from which t
covered by Plado targets is determined
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There was no significant difference between the area covered by the target (% of pixels) for a
given head position at the first or second measure-fRIMVA F=0.054; p=0.816Figure

5-8). Thus, the values for the area covered by the target were averaged across the repeated
measures for each head position and were thanakyse for the percentage area covered as

a function of head position and diagnostic grou

There was no significant difference between the percentage area covered by the Placido
targets between head positions (FINOVA F=1.724; p=0.216jor normal dry eyegroups
(RM-ANOVA F=0.235; p=0.639) ofor their interaction (RMANOVA F=0.203; p=0.756).

The same result was found for the number of complete rings in the fBagkt5-9 shows the
descriptive data of the percentage of area covered by Placido disc over the corneal surface, as

a function of measunmeumberhead psition and diagnostic group

CONDITION

Ml Straight Ahead
B 10Deg Head Turn
[J20Deg Head Turn

30

20 * a @ = é
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27

arivay Ivinauin

15+
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30

AR B i

10
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Measure #

Figure 5-8: Percentage mea covered by Placido target as arfctionof head position and diagnosticayip
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Straight Ahead 10° Head Turn 20° Head Turn
% Area # Circles % Area # Circles % Area # Circles
Measure 1 Mean Median Median Mean | Median | Median Mean | Median| Median
(xSD) (Range) (Range) | (zSD) | (Range)| (Range)| (xSD) | (Range)| (Range)
Normal group 19.8 18.8 4.0 21.2 215 4.0 21.4 21.1 3.0
(3.1) (16-24) (2-5) (3.0) | (1826) | (2-5) (2.5) | (1925) | (1-5)
Dry eye group 19.6 20.0 3.5 20.5 20.7 4.0 21.5 21.5 3.5
(2.4) (16-22) (2-6) 2.7) | 1922) | (2-6) (23) | A724) | (3-6)
Measure 2 Mean Median Median Mean | Median | Median Mean | Median | Median
(xSD) (Range) (Range) | (zSD) | (Range)| (Range) | (£SD) | (Range)| (Range)
Normal group 21.2 20.3 4.0 20.7 20.1 4.0 21.5 20.7 3.0
(3.0) (16-29) (2-5) (2.7) | (1924) | (2-5) (23) | (1926) | (2-5)
Dry eye group 19.6 19.1 4.0 20.2 20.7 3.5 20.9 21.2 3.5
(3.4) (16-25) (3-6) (2.4) | (1922) | (3-5) (23) | (1824) | (35)

Table5-9: Percentagerea of Placido target and number of complete circles amation d head position ad diagnostic goup.
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5.5.4 Comparison of aberrations between group$ Natural blink

5.5.4.1 RMS Aberrations without contact lensi Natural blinking

The average RMS over the time of acquisition without contact lenses and the average width of
the confidence interval ashown for each participant, stratifiéor diagnostic groum Table
5-10. The change in NITBUT from the screening visit is also shown. rfidrenal group

showed a larger changgenerally a reductiom NITBUT from the screeningppointment.

The confidence intervabver smoothed RMS values waealculatedfor each time pointas
shown in Figure 5-9. On averagethe smoothedRMS was relatively constant over the
measurement acquisition time. Tty eyegroup showed slightly more variation in RMS and
width of the confidence interval over the time of acquisition, although this was not true for all

participantsn thedry eye group(Figure5-10)

5.5.4.2 RMS Aberrations with contact lenses§ Natural blinking

The average RMS over the time of acquisition with the study contact lenses and the average
width of the confidence interval are shown for each participant, stratified for diagnostic group

in Table5-11. The changé& NITBUT and wettability from the screening visit is also shown.

The dry eyegroup showed improved wettability after the lenses had been inserted for 15
minutes than the wettability observed with their habitual lenses. In participants #3, #8 & #20
the imgovement in wettability seen at 15 minutes did not persist to the same extent after 1

hour of study lens weafTable5-11)

Unlike in the normal group, the dry eye grospowed a trend to increasing RMS ovee t
measurement acaiiion period with the study lensedn both visits, he width of the
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confidence interval did not differentiate between the two groups without contact lensés, but

showeda differencewhenthe measurements were obtaineih study lenss. Figure5-10)

Change in
Average Average NITBUT
ID RMS RMS ClI from
(+SD) Width (¢SD) | Screening
Normal group (um) (um) (Sec)
10 0.48+0.01 | 0.023+0.010 -3.88
12 0.59+0.06 | 0.062+0.081 -2.87
14 0.44+0.004 | 0.002+0.002 -1.23
15 0.82+0.45 | 0.822+1335 1.88
16 0.44+0.49 | 0.051+0.029 -1.25
18 0.45+0.01 | 0.031+0.010 1.47
Dry eye group
3 0.56+0.04 | 0.067+0.019 0.26
4 1.21+0.75 | 0.251+0.719 0.97
5 0.60+0.13 | 0.058+0.066 -0.63
7 0.44+0.08 | 0.100+0.208 0.80
8 0.47+0.02 | 0.030+0.022 -0.84
20 0.50+0.02 | 0.025+0.010 2.35

Table5-10: Average RMS and confidence interval (Cl) width of the RMS for each study participant without contact lenses at
the first visit. Positive change MITBUT indicates a longeITBUT at Visit 1(OD)
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Average RMs | AVerage RMS Cli change inleng Change in lens C:\;’a\er:ge n Change in
Groups SID Width wettability wettability ge average
(um) (+SD) (um) (+SD) after 15 mins | after 1 hour | 10011 after) NITBUTY after

15 mins(sec) 1 hour(sec)
10 0.47+0.013 0.024+0.009 0.25 0.75 -0.02 -3.61
o 12 0.84+0.065 0.052+0.020 0.50 2.75 0.66 -2.51
g 14 0.44+0.008 0.015+0.005 0.00 0.50 -2.67 -2.37
§ 15 1.24+0.115 0.224+0.087 0.25 0.50 -4.31 -4.23
= 16 0.36+0.080 0.067+0.095 0.25 0.75 -2.31 0.30
18 0.47+0.034 0.067+0.044 0.00 0.25 -0.23 -1.43
3 0.47+0.05 0.147+0.075 -2.25 -0.25 141 1.25
o 4 1.48+0.36 0.574+0.249 -0.50 -0.25 -0.58 0.10
:%‘: 5 0.56+0.04 0.217+0.279 -2.00 -2.00 -0.43 0.12
qz 7 0.47+0.16 0.089+0.098 0.25 0.50 1.37 -0.14
° 8 0.47+0.16 0.078+0.104 -1.50 0.00 -3.03 -3.01
20 0.42+0.04 0.071+0.029 -2.50 -1.25 2.78 0.78

Table5-11: Average RMS and confidence interval (ClI) width of the RMS for each study participant wiht denses at the first vis{OD). Positive change in wettability

indicates that the wettability is worse at Visit 1 with the study lenses. Positive change in TBUT indicatesNiTadid&rat Visit 1
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Figure 5-9: Representative scatter plot of smoothed HOA RMS (green dots) with CI (blue lines) of a normal and dry eye participant.
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Figure 5-10: Average Cl width fonormal and dry eyeparticipants with and without contact lenses as a function of
breakup time in the natural blinking paradigm.

5.5.5 Comparison of aberrations between group$ Forced blink

Data were also obtained without and with contact lemnslesre the blinking was regimented.
Subjects were instructed to blink every 8s. This procedure was intended to allow investigation
of the withinblink dynamics. In the CALO0F, the blinks not identifiedn the output data of

the instrument

However,due to theforced blink paradigmthe approximate position of the blinkgere
identified and the data between two forced blinks (an epwab)used taleterminethe slope

of the data (RMS paunit time). In addition, the minimum and Riaum values within each
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epoch were determine@xamples of th analysis in aaormalanda dry eyeparticipantare

shown inFigure5-11.

5.5.5.1 RMS - Normal participants:

Table 5-12 shows the blink characteristics for theormal participarg with and without a
contact lens in place. It can be seen that in all conditions, the slope of the RMS in the blink
epoch is very shallow (excepting subject #14 witha contact lens). The maximum and
minimum values did not illustrate the same trend, but this might be expasteditliers in the

data more heavily influence the trend.

5.5.5.2 RMS - Dry eye participants:

Table 5-13 shows the blink daracteristics for thelry eye participantsvith and without a
contact lens in place. It can be seen that in all conditions, the slope of the RMS in the blink
period is considerably higher (~4x) than in thrg eyegroup, in both the without Cli-est,
p=0.001) and with CLtftest, p=0.000) conditions. The large positive slope indicates that the
RMS aberrations increase from beginning to end of the blink period. Again, the maximum

and minimum values did not illustrate the same trend
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Figure 5-11: Slopeof the RMS within a blink illustrated for arormal participant (#18; left) and ary eye participan{#3; right) without a contact lens in place in the for

blink paradigm.The line was fitted to all the data but for ease of comparison, the scakexef was kept constant.
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SID Time poit #10 #12 #14 #15 #16 #18
Min RMS 24-32 0.53221 0.53318 0.51257 0.43925 0.34578 0.38699

(um) 32-40 0.56831 0.57435 0.53243 0.38889 0.36871 0.37593

3 Max RMS 24-32 0.66902 0.88661 0.95685 0.67755 0.79521 0.51849
g (um) 32-40 0.71507 0.9457 0.89074 0.76097 0.71655 0.48018
E Average Slope 0.03387 -0.5711 1.85874 -0.1078 0.36969 -0.6297
(Max-Min) RMS 24-32 0.13681 0.35343 0.44428 0.2383 0.44943 0.1315

(um) 32-40 0.14676 0.37135 0.35831 0.37208 0.34784 0.10425

Min RMS 24-32 0.48663 0.48462 0.52413 0.38641 0.53568 0.35421

(hm) 3240 0.45179 0.45898 0.54598 0.38125 0.42864 0.36478

| Max RMS 24-32 0.55041 0.76758 0.64993 1.14037 1.31699 0.7345
E (km) 32-40 0.56672 0.74514 0.66923 2.51626 0.69145 0.91773
= Average Slope 0.06122 0.18288 -0.0747 -0.5734 0.31471 -0.5645
(Max-Min) RMS 24-32 0.06378 0.28296 0.1258 0.75396 0.78131 0.38029

(hm) 3240 0.11493 0.28616 0.12325 2.13501 0.26281 0.55295

Table 5-12: Blink characteristics fothe normal group with and without aontact lens in place in the forced blink paradigrhe data in the table shows the minimum and
maximum RMS value within each blink, the average slope of the RMS for the two blinks, and the difference betweenrthandarinimum RMS with each blink
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&l Ulane el #3 #4 #5 #7 #8 #20
Min RMS 2z 0.38467 0.89869 0.49315 0.40044 0.46735 0.4257
(um) 3240
0.43169 0.68009 0.47205 0.40618 0.45647 0.5057
) Max RMS = 1.6138 1.54934 0.64628 0.51829 1.02539 1.34333
|_
2 (Hm) :
2 szl 1.26351 1.84161 1.05169 0.52371 0.9194 3.59292
=
= Average Slope 2.44990 1.26680 2.07211 2.47948 2.16492 2.14731
(Max-Min) RMS 2 1.22913 0.65065 0.15313 0.11785 0.55804 0.91763
(um) 3240
0.83182 1.16152 0.57964 0.1173 0.46293 3.08722
Min RMS = 0.25426 0.38558 0.35333 0.35919 0.47311 0.51786
(um) 32-40
0.32264 0.38949 0.43651 0.33463 0.51356 0.50703
» Max RMS = 0.70333 0.64433 0.83961 0.72834 0.82613 0.86763
@)
m .
§ (hm) szl 0.65233 0.90418 0.85372 0.54033 0.93469 0.82004
=
e slene 3.46681 2.58041 2.53216 2.88259 2.02702 1.95143
(Max-Min) RMS 24-32 0.44907 0.25875 0.48628 0.36915 0.35302 0.34977
(kM) 3
240 0.32969 0.51469 0.41721 0.20570 0.42113 0.31301

Table 5-13: Blink characteristics for the dry eye group with and without a contact lens in place in the forced blink paradigm. Tihetliat@able shows the minimum and
maximum RMS value within each blink, the average slope of the RMS forahlinks, and the difference between the maximum and minimum RMS with each blink
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5.5.5.3 Width of confidence interval

The average confidence interval width was examined for the forced blinking paradigm. In the
natural blinking paradigm, the width of the confidennterval was not different between the

two groups dry eye& norma) without a contact lens in place, but showed a relative shift
towards higher RMS irthe dry eye group with the contact lensin the forced blinking
paradigm, a similar relationship wasen. In this case, however, timalgroup exhibited a
higher range of RMS aberrations without the contact lens in place. This may have been
because th8-secondnterval between blinks was longer than their typical sblevk interval,
leading to grer variability at the end of the blink interval than with the natural blinking
paradigm. Nevertheless, with the contact lens in placedheyegroup tended to show a

shift towards higher RMS aberration values, whereaadh@algroup did not.
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Figure 5-12: Average CIl width fonormal and dry eyeparticipants with and without contact lenses as a function o
breakup time in the forced blinking paradigm
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5.6 Discussion

5.6.1 Analysis of target area with head position

There was no significant difference in the size of the target areas or the number of complete
rings projected onto the cornea with 10° or 20° of head turn when compared to the-straight
ahead positionThus this studyconclude that the straightthead position is optimal for

image acquisition with this anterior surface aberrometer.

5.6.2 Comparison of natural & forced blink paradigms

The forced blink paradigm introduced greater variability into th&a.dHowever with the
CA100 the forced blink paradigm was the only mechanism by which blink dysacoidd

be evaluated. The CAlGQfevice deletes identified blink data from the instrument data set and
does not export the location of the blink from thevide. Howeve the newer CA20@oes
keep all of the blink data and allows the blink location to be deterntiotdin forcedand
natural blinksparadigm Given that blink dynamics does appear to differentiate between the
groups in this pilot study, the newer device ultb be the preferred device for surface

aberration capture.

5.6.3 Comparison of aberrations between groups

In the forced blink paradigm, the slope of the RMS within a blink was different between the
normalanddry eyegroups irrespective of whether a contaeink was in place or not. This
analysis could not be determined for the natural blink conditiothexge were no toolsto

identify the location of the blink in the data with any accuracy once it had been processed by

the CA100 device (the device removes tiink from the raw data). On average, ting eye
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group exhibited a trend of increasing RMS higher order aberrations over each blink period.
This trend was consistent despite the clinical evaluation of wettability showing an
improvement with the studynes es from the wettability with

the screening appointment.

5.6.4 Comparison of aberrations wth & without contact lenses

The width of the confidence interval around the smoothed raw data was investigated between
groups formalversusdry eyg and for condition (without a contact lens or with a contact
lens). While the width of the confidence interval in the natural blink condition was not
different between groups without a contact lens,diyeeyegroup showed a shift towards a
greater magnitude of higher order aberrations with the contact lens in place. The same shift
was not observed in theormal group. A similar relationship was also observed in the

confidence interval width for the forced blink paradigm.

5.7 Conclusion

i.  Obtain da& in thestraightaheadposition,as there is no significant increase in target

size with head turn

i. With the CA100F, the forced blink paradigm is preferred as this enables blink
dynamics to be examined. With tG&A200F,either forced or natural blink patigms

are interpretable for tear dynamics.

iii.  Differentiation betweenry eyeandnormalgroups was best determined with the slope

of the RMS aberrations within a blink.
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iv.  Differentiation between performance with and without a contact lens idrtheye
and normal groups was best determined by analysing the width of the confidence

interval of the moving average.
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Chapter 6 : Analysisof Dynamic Ocular Surface

Aberrations Using Segmented.inear Regression

6.1 Background:

The mechanism of tear thinning is debated fredquedtie to its importance in the diagnosis

of dry eye and the exact mechanisemains unknown due to limitations in imaging
techniques. Earlier studies have shown the thinning of the tear film is caused by divergent
tangential flow of the tears or a comhtion of tangential flow and evaporati6i’* More

recent studies using fluorescent quenching have shoatretdr thinning is caused only by
evaporation rather than by divergent tangential flow or a combined ¥ffédthey observed

a uniform thinning in the tear thickness and variable fluorescent decay between high and low

concentration of the fluorescein which is indicative of mechanism to be evapdéfative.

Even though the fluorescent quenching technigueable to differentiate between the
evaporative and tangential flow theories, its repeatability is still uimdestication and the

test itself is invasive in natur&he instillation of fluorescein changes the physical properties
of the tear film therefore changes the quality of the tear film and the repeatability of the tear

breakup time measurementg® >

Studies by MonteMlico et af? using dynamic corneal surface aberrations have shown that
the tear film breakup can be studied snowvasively. Using the corneal topographer, the
corneal elevations were obtained every second of a 10 seeegpanterval. The elevation

data were then used talculate the higher order RMS and individual prism coefficient values
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for each time point. The average for all the participants in their study produced a wave like
pattern over timé/*14?the time course of which showed high abéoravalues immediately

after the blink followed by an approximately linear decrease in aberrations. After the lowest
point (trough in a wave) the aberrations again increased in a linear way and the authors

considered this inflection point as the breakompof the tear filn?’4142

Later, Zhu ® showed that the vertical prism Zernike coefficient of the aberrations can be
directly attributed to tear film thicknessince the tears flow vertically after the blink and
proposed that analysis of the tieal prism component of aberrations gives more insight about
the change in the tear film thickness. Using both the theories suggested by-Mmutes al.
andZhu, this study aims to study the change in tear film thickness over time using the prism
coeflicient and higher order aberratiofis study also aims to provide an objective method

to analysethe tear film changes over tino¢ anteriorsurface aberrations.
6.2 Objectives:
The purposefahis study was

1. To evaluate a new method of analyzing dynangalar surface aberrations using

segmented liner regression

2. To evaluate thénter-ocular characteristics of the dynamic ocular surface aberrations

using the segmented linear fits
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6.3 Methods

Seventeen (11 men and 6 womeasymptomati¢cnoncontact lens usersere includedn this

study of which one participant discontinued fr
able to be extracted and/analysé. The average age group of the participants involved in
this study was 27.5 + 3.3 years of agenhhvasive tear breakup timgNITBUT) and
dynamic corneal surface aberrations wakasurediuring the study visitThe Atlas Corneal
Topographemwas usedo measure NITBUT anthe Topcon CA200 Corneahnalyserwas

used to measurdynamic corneal surface abdroms. NITBUT was measured before the
aberrationmeasurementand the order of the eye measured first was randonaizexss the
participants (sedable6-1). In each eye, three measures of NITBUT were obtained and the
average of lathree measures was considered for analysighis study, NTBUT for each
participantranged between 5.4s and 11.5s, with a mean of 7.3s in the right eye and 7.5s in the

left eye respectively

The Topcon CA200 corneahnalyserusesthe Placido disc pnciple to measure corneal
surface aberrations and dynamic measurements were obtained at a frame rate Sin2iiiz.
to NITBUT, the order of the eye measur@dt was randomizedcross participant3.he time
between twoconsecutiveblinks was considerd as anopeneye interval and he aberration
measures were obtained for two-décondopeneyeintervak. The inbuilt software identified
the location of the blinks automatically during the analyBexticipants were asked to hold
their eyes open duringné opereye measurement period. recovery period of 10 minutes
was providedbetween the test® maintainthe tear filmin asnear normal condition. The

aberratiormeasures were calculated forraré pupil diameter.

105



The instrument provides the corneal ahtons in terms of Zernike polynomials up to the 7
order. Total higher order aberrations (HOA) were calculatetieasobtmeansquare (RMS)
of Zernike coefficients from theBto 7" ordersfor each frame captured on apeneye
interval were consided for analysisThe prism terms of Z and Z. were also separately

considered.

The measurements obtained using the Topcon software were exported to a Microsoft Excel
datasheet and evaluated using scatter plots. The scatter plot of the extracted Eivowdat!

a variable amount of noise or variation within the extracted data. For better understanding of
the data and to reduce noise, the data were subjected to a smoothing prdagdeé-(),

as described in Chaptgéra.

A segmented linear regression was fittedthe smoothed datéor each interval of eye
openingusi ng the O0segmentedo6 packiaaglecases)thit he R
procedure fitted 3 segments (phasel, phase2, ask [#)(seeFigure6-2). The phases were

denoted by two automatically determined breakpoints. The breakpoints are the location at
which there is significant change in the observed trend. For each breakpoint, the slope
associated with #htrend in the data prior to the breakpoint was calculated. Each phase was

assumed to denote a distinct stage in the stability of the tear film.

The segmented fits were reviewed and the blink with the best fit for each of the right and left

eye was seleed. The initiation of thdirstposi t i ve sl op;ee. thedpointati t i ve
which the ocular surface exhibited increasing aberration magnjtaddshe time point after

the blink at which this ocoueacheeital priSbhand ak po

HOA RMS measurements.
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Subject ID| TBUT 1 | TBUT 2 | Aberrometry 1) Aberrometry 2
1 0N} oD oD 0N}
2 oD O] oD 0N}
3 oS oD oD OoS
4 oD oS OS oD
5 oD O] oD 0N}
6 oD 0N} oD O]
7 oD oS OoS oD
8 OoS oD oS oD
9 0N} oD O] oD
10 0N} oD O] oD
11 OoS oD oD oS
12 oS oD oS oD
13 oD O] 0K} oD
14 0oSs oD oD O]
15 oD oS oD oS
16 oS oD oS oD
17 O] oD 0K} oD

Table6-1: Randomization table for NITBUT and aberration measures
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Raw data Smooth data

Running average

Time (sec) B Time (sec) ——

Figure 6-1: Schematic representation of a raw and smoothed data (using running average procedure) across thedyeioigenals. The procedure is described in Chapté
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Vertical prism data

HOA RMS data

Phase 1| Phase2 | Phase3 Phase 1 | Phase 2| Phase3 ;
. Breakpoint Breakpoint
SIope?;. : ~ 5 N
Base =
down| Slope 1 3
» %
5 5 Slope 1
) Slope 2
Buase g =
P Breakpoint = A
2 /
Breakpoint a b
 Breakp @) (b)
Time (Sec) —_— Time (Sec) —_—

Figure 6-2: Schematic representation of the dynamic (a) vertical prism and (b)HOA Ri#Sofl a segmented line
regression. The -éxis represents the time in second and thexi¥ represents the change in direction of the tear prism b

fiaure (a) and increase in RMS in figure (b).

6.4 Data analysis:

All the data fromthe CA200 corneal topographer were exported and stored as comma
separated value (.CSV) files for further analysis. The data smoothing process and the

segmented linear regression analysis were performed using R statistical pfogram.

The overall analysis of the group wamlysal using repeated measures ANOVA with factors
of eye (OD/OS), opemye intervals (1,2) and order{®ye measured) for each of the
segmented fit parameters. The segmented fit parameters used for tANBWA are the
first and second breakpoints anc thighest positive slope value after the first phase. The
RM-ANOVA analysis was used t@nalysethe segmented fit parameter of both vertical prism

and HOA RMS values. The RIMNOVA was obtained using the Statistiga 11).”’
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|l ndi vi dual participantdos data between segmeil
RMS wereanalysé usinglinear regressionThe variationin higher order RMS withirthe
first two phases ofsegmentedvertical prism data was analysé using norparametric

Wilcoxon signed rank test.

6.5 Results:

The average RMS, slope and breakpoints for vertical prism and HOA R&1Shawn in

Table6-2.
Vertical Prism HOA RMS
(Z:h (3“to 7" order)
oD oS oD oS
Mean + SD Mean + SD Mean = SD Mean + SD
RMS (um) .0.004240.81 | 02714078 | 07611+035| 0.8152+0.41
Highest
positive slope| 0 | 4 37 0.22 +0.22 0.20 + 0.26 0.23+0.22
after first
phase
A el 4.4 +3.09 3.97 +2.97 2.87 +2.44 4.09 +3.24
point (s)
Second Break| o1/, 547 7.15+ 2.87 7.97 +2.87 8.36 + 3.33
point (s)

Table6-2: Summary values for vertical prism and HOA aberrations, stratified by phase of the segmented fit.
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6.5.1 Group analysis of segmented fit parameters for each factor of dynamic surface

aberrations:

6.5.1.1 Vertical prism:

As expected, the location of the breakpoint 1 andkp@at 2 were significantly different
(p<0.001) between each otherbetween eyes, operye intervals and order of the
measurements. The breakpoints were not significantly different (p>0.05) between eyes, open
eye intervals and order of the measurement. fiflse highest positive slope after the first
breakpoint and the breakpoint corresponding to the start of the highest positive slope was
obtained for each opegye intervalRM-ANOVA of all other comparisons involving location

of breakpoints and highest gitve slope between individual grouping factors showed no

significant difference (p>0.05).

The NITBUT was significantly different from the time of breakpoint 1 (p<0.0001) but not
from the time of breakpoint 2 values (p>0.@b)gure 6-3 and Figure 6-4). The correlation
between the location of breakpoint 2 and the NITBUT values was not significant in all cases.
The correlation between location of breakpoint 2 and NITBUT varied #b&2/sec for left

eyeand opereye interval 1 to a maximum of +0.27/sec for left eye and-@yennterval 2.

6.5.1.2 HOA RMS

Similar to the vertical prism values, the location of the breakpoints 1 and 2 were significantly
different (p<0.0001) from each other between eyes, -eyenirtervals and order of the
measurements. The breakpoints were not significantly different (p>0.05) between eyes, open

eye intervals and order of the measurement
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The first highest positive slope after first breakpoint and the breakpoint corresponding to the
start of the highest positive slope was obtained for each open eye intervéANRMA
showed the highest positive slope for the HOA RMS was, on average, higher in the second
eye measured (p= 0.0407) and tended to occur later after the blink (p= 0.B@IBE 6-5
andFigure6-6). All other analysis comparing the breakpoints and the highest positive slopes
between individual grouping factors were not significantly different from each other (all

p>0.05).

There was no significant difference between the time of breakpoint 2 and NITBUT values (p>
0.05) obtained initially(Figure 6-7 and Figure 6-8). Even though, ANOVA showed no
significant difference betweemrdakpoint 2 and NITBUT values, the correlation was found to
be positive but low in the range of 0.02/sec to 0.2/sec. Similar results were obtained for
correlation between eyes, between opga intervals and between orders of the

measurements.
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—&— Breakpoint 1
_ =i~ Breakpoint 2
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Figure 6-3: Comparison of location of the breakpoints and NITBUT values between eyes for vertical prism measlt
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=% Breakpoint 1
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Figure 6-4: Comparison of location of the breakpoints and NITBUT values betweeregpéntervals for vertical prisr
measures.
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Figure 6-5: Relationship betwednmghestpositive slope and first eye measufedHOA RMS measures
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Figure 6-6: Relatimship between the position of the breakpoint after the blink, the eye measured first and the e
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Figure 6-7: Comparison of location of the breakpoints and NITBUT between eyes for HOA RMS measures
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=%~ Break point 1
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Figure 6-8: Comparison of location of the breakpoints and NITBUT between open intervals for HOA RMS measur
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6.5.2 Analysis of Individual participant data:

6.5.2.1 Vertical prism:

Therewas nosignificantdifferencein the location of the breakposbetween the twopen

eye intervalsising RMANOVA for the group(p > 0.1) (Top set of figures ifrigure6-9 and
Figure6-10). But, when individual data points were visually comparedrtalysethe trend in
the data, a noticeable and consistent difference was observed between blink jhéacialg

to a nonsignificant difference wheanalysé statistically.

The position of the breakpoint changes inversely between theayeemtervals. This trend
was observed consistently between eyes and breakpoints. The bottom set of fi§igasein

6-9 and Figure 6-10 shows the trend observed. The breakpoints of corresponding values
between opemye intervals are connected using individual lines colored according to trend
observed. The green lines represent the upward ardded represents a downward trend

between the opeaye intervals.

The following trendswere observed more consisténtin our data; the values below the
average value ithe first openeye interval tend to be higher than the average in the second
openreye interval. Similarly, the values which were higher than average in the firstegeen
interval tend to be lower than the averagethe second open intervaresulting in no

significant difference between opewye intervals.

6.5.2.2 HOA RMS:

Similar to the vertal prism data, the breakpoints betwdleatwo openeye intervals were

analyse. There was no significant difference in the location of the breakpoints between the
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openeye intervals using RMANOVA. However, when individual data weranalysd, it
followed trends similar to vertical prism data. Most of the values below the averabe of
first openeye interval were higher in the second opge interval and vice versa. When
compared to the vertical prism individual participant data, the observed tretius dOA

RMS data were similar and consistefiglre6-11 andFigure6-12).
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Figure 6-9: Comparison of breakpoints of right eye obtairfeom vertical prism data for each opene interval and the distribution of breakpoints between -@yenintervals
The left side graphs compares breakpoint 1 between-eypefintervals and the right side graphs compares the location of breakpoint @&hetyereye intervals. Each lir
corresponds in the graphs below to a single participant data betweeneggeimtervals and green lines represents higher values in-epeinterval 2 compared to 1 , v
versa was denoted by red lines. The black dditbes in the graphs below represent the mean of first-@yeninterval.
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Figure 6-10: Comparison of breakpoints of left eye obtained from vertical prism data for eackegpeanterval and the distributiorf breakpoints between opeye intervals
The left side graphs compares breakpoint 1 between-eperntervals and the right side graphs compares the location of breakpoint 2 betweay®patervalsEach line
corresponds in the graphs below to a senghrticipant data between opewe intervals and green lines represents higher values in-@peiinterval 2 compared to 1 , v
versa was denoted by red lindse black dotted lines in the graphs below represent the mean of firseppénterval.
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Figure 6-11: Comparison of breakpoints of right eye obtained from HOA RMS data for eacteppénterval and the distribution of breakpoints between -@yenintervals
The left side graphs compares breakpoint een opereye intervals and the right side graphs compares the location of breakpoint 2 betweay®paervals. Each lii
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Figure 6-12: Comparison of breakpoints teft eye obtained from HOA RMS data for each epgminterval and the distribution of breakpoints between -@yenintervals. Tt
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6.5.2.3 Average HOA RMS in terms of vertical prism breakpoints:

Assuming that the vertical prism coefficienticates the flow of the tears over the cornea and

the HOA RMS or the aberrations indicates the quality of the teartfiiis studyinvestigated

if the breakpoints as obtained using segmented linear regression were different for each eye of
each individubparticipant between vertical prism and HOA RMS dd&a\jre 6-13). The
scatterplots showed more distributed values for both breakpoints. The compsahisamda

wide spread distribution on both sides of the unit slope of reigresndicating higher

variation betwee the locations of breakpoints.

Due to the above difference in the breakpoints, the average HOAf&Migst two phases of

the vertical prism coefficientvas obtainedThe phases of vertical prism coefficient provide

the stages of the tear film within blinks, whereas the average HOA RMS provides the amount
of change in the anterior surface quality. Therefore, the average HOA RMi8lopkase of

the vertical prism explains thamount ofchang in the anterior surfacguality during stages

of the tear film within blink. The average HOA RMS corresponding to the first two phases
(blink to breakpoint 1 and breakpoint 1 to 2) thie vertical prism segmented fit were
calculated foeach eye andach opereye intervalTheind i vi du al participant 6
standard devian, maximum and minimum of twohase wereplotted for each eye and open
interval (Figure 6-14 and Figure 6-15). In comparison to the first opaye inerval, the
standard deviation, the maximum and minimum was observed to be larger in the secend open

eye interval of both the eyes.

Non-parametric Wilcoxon paired signed rank test was usetabdy/sehe average HOA RMS

of each individual participantat e&@h openeye intervalsand determine if the median
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difference was different from zer®he results showed a significant difference (p=0.01) in the
medians otheright eyefor phase 1 (between blink and breakpoint 1) vabfeékefirst open

eye intervalFigure6-16). Even hough, the box and whisker plsitows a huge difference in
range between operye intervals, the rest of the comparisons between medians of phase 1
and phase 2 HOA RMS values were not significantly differen0.@5) from each other.

(Figure6-16)
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Figure 6-13: Comparison between the location of breakpoints of segmented vertical prism coefficieis) @ndHOA RMS (yaxis) data. Figure (a) compares the locatiol
breakpoint 1 and (b) compares the location of breakpoint 2. The red line represents the line with unit slope.
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Figure 6-14: Scatter plot with error bafor the comparison of average HOA RMS between the intervals of prism breakpdietsight eye. The green dot with upper error
represents average HOA RMS between blink and first breakpoint, red dot with error bar represents the average RMi&émtpeian 1 &2. The error bars gives the stanc
deviation and the arrows represents the minimum and maximum values within the range.

125



Left eye, blink interval 1 Left eye, blink interval 2

Average RMS Average RMS

Btw blink & breakpoint1 Btw blink & breakpoint1
o | -®-  Btw breakpoint1 & 2 o | -®- Btw breakpoint1 & 2
o™ o™

v
A
A

w0 | w0 | -
- -

RMS (um)
1.0
|
< -
RMS (um)
1.0
|

—=
<|-a
—a
e

05
l
05
l

M
i il v
g— v W ﬁ- .
o ] o ]
[=] [=]
T T T T T T T T T T T T T T T T T T T T T T T T T T
1 2 4 5 6 7 8 10 12 13 14 16 17 1 2 4 5 6 7 8 10 12 13 14 16 17
Participant# Participant#

Figure 6-15: Scatter plot with error bar for the comparison of aver&tfeA RMS between the intervals of prism breakpointiseofeft eye.
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6.5.3 Other noticeable observationdrom the data

A wavy patternas shown idrigure 6-17, was observetrequentlyafter the second brigpoint

of the dynamicvertical prism coefficierst 8 out of 26 eyes irthe first opereye interval and
12 out of 26 eyes ithe second opesye interval exhibitedhis wavy pattern.The wavy

patterns observed were both symmetrical andsyonmetrical arouth the slope. The reason

behind the wavy aberrations is unknown. A similar pattern was observed in the HOA RMS

and horizontal prism coefficient also.

¢, Vertical Prism
L
S

I
Time (Sec)

Figure 6-17: Schematic example of a wavy pattern in phase 3 of the vertical prism data.
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6.6 Discussion:

In our previous studyGhapter5), the antenr surface aberrations obtained weargalyse

using a linear regression techniqueatoalysethe change over time between blinks. The

slopes indicated a steep increase in the aberrations in the dry eye participants compared to
normal participantsbut the data was very variable compared around the fit. A study
undertakenby Hampson & Malleff suggested the ocular and corneal aberrations to be
chaotic in naturewhich contraindicateshe use of linear regression amalysethe corneal
aberration data. Although they proposed this
the corneal aberratigrwere analysed ia study(nonthesis work)and found the chaos to be

very minimal conpared to the chaos obtained by Hampson and M@ppendix2).

According to MontesMico et al***2and Nemeth et &f, the tear film took approximately 3

to 10 seconds to stabilize and then start breaking up between blinks. They also found the
TBUT to be comparable with the time taken to attain lowest aberrations. In contrast, our study
found that the averadgest breakpointwasobserved around-8 secondgostblink andwas
significantly different from the NITBUT obtained. The second breakpoint, which occurs later,
was found to be more similar to the NITBUT values obtained. This might be explained with
the ear film stability theory proposed by Holly et &lwhere the tear film takes at least 3
seconds to settle down after the eye operfomgning a negative slope. If the first breakpoint
indicates a settled tear film and the second phase indicatésinhing of the settled tear film
commensurate with an increase aberrations, the second breakpoint can be expected to
happen at a similar instant to that at which there a noticeable break in the tear film (i.e.

NITBUT measurement point) as there isuglden rise in the irregularity tfetear film.
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As suggested biZhu,’® the use of prism coefficient as a direct measuran@lysetear film
thickness variation waanalyse among our study participants. The results showed a varying
amount of breakpoints between theenye intervalsAn inverse effectvasobserved in this
studyin the location of breakpoints between o intervals. This might be as a result of
using a forced blinking technique to obtain aberration measurements. The breakpoints which
were shortern the first blink interval were longer in the second blink interval. It was also
seen from the graphs, that the graphs with shorter breakpoints exhibit a wavy pattern in the
aberration or prism coefficient after the second breakpoint. This wavy patternbenay
accounted for by reflex tearing, or reflect an ocular movement or heart pulse. Since, the
aberrations are more stable in the next ap&rval;it suggests the cause of wavy pattern to

be more likely originate from the tear film than an ocular moveniéreflex tearing is the
cause, a more stable or, at least, voluminous tear film during the next open interval could
result and exhibit a slower change in the tear film surface. It was also observed from our
experiments that the average HOA RMS is higdned more variable in the second omye

interval compared to the first open interval. This indicates the need for more repeated
measurements with shorter forced blink interval or natural blinking techniques be evaluated to

address the issue of repealiéypbdf the measurements.

6.7 Conclusion:

The threephased segmented linear regression techniqueenatysethe anterior surface
aberrations can be used objectively to measure tear film stalditgn though the
repeatability of the measuremeritem two ogeneye intervalswere poor, moreopeneye

periods and/or repeated measurements of the-epenperiods and/or shorter opeaye
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periods closer to natural blinking need to be evaluated for more detailed measure of
repeatability A criterion other tharforced blinking needto be evaluated faa more complete

understanding of theaturaltear film dynamics.
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Chapter 7 Summary

The experimental aspects of both corneamlalyses were evaluated and showed the
measurements were repeatable on a giveavadable surface aiptimal focus position. The
repeatability of the instrument was also good when the defocus was produeddnger
working distancesuggesting that it is besb tobtain anterior surface aberration measures
within the optimal focuspositionor slightly furtherawayfrom the eyghanthe optimal focus.
The variability in aberrations produced by the initial focusing of the smeguiresthe
omission ofthe initial 10-15 sec ofcollected dataor improved measurements of surface
aberrations (Chapter 3). Theeasurements of spectral and thermal characteristics ofttte li
sources ofwo cornealanalyses during the measurements siirface aberrations showed that
the difference in luminance of the light source doeschange the thermal characteristics of

the eye (Chapter 4).

From the clinical measurementigthigher order aberrations were also found to be similar
between the instruments, even though there is a possibility of the brightness of the light
source inducing reflex tearing (Chapter @hanges irhead orientation did namprovethe

area measured using the cornealalyses. Measurements using forced blinking were
preferred compared to natural blinking procedwieen the data pertaining to the blink were

not availabledue to the software algorithused The location of the blinlwvas showro be an
important factor tanalysesurface aberrati@due to significant changen thickness of the

tear film and surface aberratiotimattake place immediately after the blink. It was also shown
that the aterior surface aberrations can be used in differentiating nofmoia dry eye

participantsby usinglinear regressioof theforced blink datgdchapter 5).
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Though the measurement in Chapter 5 showed an ability to differentiate between two groups,
linearregressioranalysisfailed to show the exact trend accompanied with the aimrdata

between blinksPrevious studies have shown the mechanism of tear film stabsgityeing
fithreephased between blinksand the measurement of vertical prism coeffitsgrovides

an estimate of the changes in the tear film thickndssthis study,the anterior surface
aberrationswere alsoassumed to bé t hplrea@as ed o0 becaus eof antegor me as u
surface aberrations aobtained from the surface of the tedmfiand the measure of anterior

surface aberration gives the direct measure of tear film stability. By using segmented linear

regression analysis, both our hypothegese tested in this stud¢chapter 6).

As assumeda | | par t i ci)gmanticanserio serkace ealpetratioh measurements
showed -mhdidédd@echange foi both dpéreye iatdrvals Theaahdlgs n s

of segmented linear regression of vertical prism coefficients and higher order aberrations
showed that the eye measured selcehowed a higher rate of change in aberrations and the
change occurred later after the blimkhen compared tthefirst eye measured. The location

of breakpoint 2 was not significantly different from the clinical measurements of tear breakup
time, indi@ating a possible use of surface aberrations as an objective measure of surface

quality.

Even thouglthe breakpoints were not significantly different between each other foreygen
intervals as a group, the individual participant data showed a signiftcand. The
breakpointsvhich are earlier in the first opesye interval occurred later in the second epen
eye intervals and vice versa. This indicasgsossible effecof the use othe forced blink

paradigm which causschanges in tear film stabilityt was also observed that the average
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higher order aberrations of each phase of vertical prism coefficient was higher and had a
larger range inthe second opesye interval when compared to first opeye interval. These

results indicate the use of a critm which is closer to natural tear film dynamics to obtain
more repeatable measurements using segmented linear regression and anterior surface

aberrations (chapter 6).

Based on studiesindertakenin this thesis there remain many issueswvhich need to be
analysd for better understanding of thelationship betweerdynamic anterior surface
aberrations and tear film stabilitfhe main issue which came dpring thesestudies is the
duration of the opesye intervals Even thoughthis studyemployeda blinking paradigm

similar to other studies, the results showed an influence of prolongeegegpdnterval on
repeated measures. A wide range of blinking paradigms along with moreeyppéntervals
and/orrepeated measurements need to be evaluated in ftudees to obtaira blinking
paradigm which obtains measurements without affecting the tear film stability. The results of
our study using a smaller group of participants showed that the segmented linear regression
analysis can be used as an objective oeetio analysethe tear film stability. More analysis

using large sample sigeand groups has to be evaluated to test the reliability of the analysis.
The groups can be categorized based on signs and anterior surface characteristics for better
understandig of its reliability and to develog criterionto differentiate clinically stable and
unstable tear flmMore analysis has to be carried out to examine the exact relationship
between dynamic tear film thickness and vertical prism coefficient valu@s.analysis

would be helpful in measuring dynamic variation in the tear film thickness which can provide

more insight on the diagnosis of the dry eye.
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The purpose of the study is to measure chaos in the dynamic anterior surface aberrations and examine
how it varies between the eyes of an individual. Non-invasive tear breakup time (NITBUT) and dynamic
corneal surface aberrations were measured for two open-eye intervals of 15 seconds long. Maximal
Lyapunov Exponents (MLE) was calculated to test the nature of the fluctuations of the dynamic anterior
surface aberration. The average MLE for total higher order aberration (HOA) was found to be small
(+0.0102 £ 0.0072) um/s. No significant difference in MLE was found between the eyes for HOA (t-test,
p=0.131). Data analysis was carried out for the Zernike coefficient of vertical prism as it gives a direct
measure of the thickness of the tear film over time. The results show that, the amount of chaos was small
for each Zernike coefficient and not significantly correlated between the eyes. © XXXX Optical Society

of America
OCIS Codes: 330.5370, 330.7326

The tear film, approximately 10pm thick, overlays
the corneal surface and provides the first and most
powerful refracting surface in the eye [1]. As a result,
the eye’s optics and retinal image quality depends
greatly on the stability of the tear film [2]. The tear
film also negatively impacts visual comfort if
unstable [3]. Several factors, such as evaporation
and lipid layer thickness, are found to alter the tear
film thickness when eyes are open between blinks
[1]. Recently, a number of studies have been
conducted to examine the nature of the aberrations
introduced by the dynamic nature of the tear film [1-
2, 4-7]. Studies show that anterior surface
aberrations correlate with the optical changes caused
by the dynamic nature of the tear film, and hence
conclude that the aberrations are also dynamic [4].

Power spectrum analysis has been used to study
the dynamic behavior of wavefront aberration in
many studies [8]; however, recent studies by
Hampson and Mallen [9-10], utilized chaos theory to
describe fluctuations in the dynamic wavefront
aberrations of the whole eye. Chaos theory studies
the behavior of dynamic systems, in which simple
deterministic equations can predict apparent random
events [11]. Hampson and Mallen [9] suggested that
the fluctuations in the aberrations of the whole eye
are chaotic in nature and, therefore, the underlying
equations can determine the behavior of aberrations.

In a separate study [10], no correlations between
eyes of an individual in the chaos of ocular
aberrations for the whole eye were found.

The effect of the tear film fluctuations on the
whole eye aberrations has also been examined by
fitting a scleral contact lens to preserve the tear film
between the eye and the lens for a single participant
[9]. The authors concluded that fluctuations in the
tear film may be a source of noise that ‘dilutes’ the
chaos in the aberrations of the whole eye [9]. To
examine this, we investigated chaos in the
fluctuations of anterior surface aberrations only and
considered the correlation of this chaos, if any,
between eyes of an individual.

Methods: Twenty-eight eyes of non-symptomatic,
non-contact lens wearers were included in this study.
The mean age of the participants was 27.5 £ 3.3
years of age (male = 8, female = 6). NITBUT and
dynamic anterior surface aberrations were measured
during the study visit. NITBUT is a clinical measure
of the stability of the tear film, where illuminated
Placido rings are projected onto the corneal surface
and the time taken from a blink to the appearance of
distortion or discontinuities of the image (as the tear
film ‘breaks up’) while the participant holds their
eyes open is measured. The Atlas corneal
topographer (Carl Zeiss Canada Ltd., Toronto, ON)
was used to measure NITBUT and the Topcon
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CA200 corneal analyzer (Topcon Canada Inc.,
Waterloo, ON.) was used to measure dynamic
anterior surface aberrations. NITBUT was measured
before the anterior surface aberrations and the order
of the eye measured first was randomized across
participants. In each eye, three measures of NI'TBUT
were obtained and the average of all three measures
was considered for analysis. The NITBUT ranged
between 5.4 and 11.0 seconds, with a mean of 7.4
seconds in the right eye and 7.2 seconds in the left
eye across all participants. The corneal analyzer uses
the Placido disc principle to measure anterior surface
aberrations. Dynamic measurements were obtained
at a frame rate of 24Hz for two 15-second open-eye
intervals between blinks. Participants were asked to
hold their eyes open during the open eye
measurement period. Similar to NITBUT, the order
of the eye measured first was randomized across
participants. The proprietary software identifies the
location of the blinks and removes the blink data
from further analysis. A recovery period of 10
minutes was provided between the NITBUT and
anterior surface aberrations measurement to
maintain the tear film in as near as normal
condition. Anterior surface aberrations were
calculated for a 6 mm pupil diameter.

The instrument provides the anterior surface
aberrations in terms of Zernike polynomials up to
the 7t order. Total higher order aberrations (HOA)
were calculated as the root mean square (RMS)
values of Zernike coefficients from 8 to 7t orders
[12]. For the analysis, dynamic HOA RMS and the
individual Zernike coefficient for vertical prism were
used. The latter is thought to give a direct measure
of the thickness of the tear film over time as the
tears flow vertically over the cornea after every blink
[18]. Each frame captured on an open-eye interval
was considered for analysis. First, the measures of
each open-eye interval were separately analyzed
then two data sets were combined to describe a total
measurement window of 30 seconds. The blink data
between the two open-eye intervals were removed for
further analysis.

Chaos theory analysis: We used the analysis
proposed by Rosenstein [14] to examine the chaos
present in anterior surface aberrations of the eye.
Liyapunov exponents were calculated for every point
in the dynamic data and the largest Lyapunov
exponent was chosen to make a decision. The largest
Liyapunov exponent is commonly called the Maximal
Lyapunov Exponent (MLE) and indicates the degree
of chaos in the dynamic systems [9]. If the MLE is
positive, then the data (system) is chaotic and/or the
data depends on the initial condition; the larger the
positive value of MLE, the greater the chaos. In
contrast, a negative MLE represents a non-chaotic or
predictable data [14]. In this study, MATLAB
(version 2013a) was used to calculate MLEs using
the lyaprosen toolbox [14]. Before performing the
analysis, the HOAs were detrended to remove the
linear trend. The detrending removes the best
straight-line fit from the data and hence forces its

mean value to zero but still it preserves the
statistical properties of the data (Figure 1). The
detrended data were used to obtain the MLE, which
gives the amount of chaos in the dynamic anterior
surface aberrations.

0.6
L

0.4

HOA RMS (um)

Detrend Data

-0.2
L

Time(s)

Figure 1: Example of anterior surface higher order
aberrations measures obtained for a 6mm pupil diameter
at 24 Hz sampling frequency for a 15sec open eye interval
(top; filled black circles). The same data is also shown
after detrending (bottom; open gray circles)

Chaos and anterior surface aberrations: The
average HOA RMS for all the participants was
+0.781 + 0.313 pm; this indicates a high variability
in anterior surface aberrations among individuals.
The MLE for each open-eye interval was calculated
from the HOA of each participant. The average
MLEnosa were +0.0325 £ 0.0429 um/s, +0.0794 *
0.137 pm/s, and +0.0102 £ 0.0072 um/s for first, and
second open-eye interval and the combined data set,
respectively. The average MLEnosa are low but
positive, which indicate the presence of a low amount
of chaos. Similarly, the average vertical prism and
MLE corresponding to vertical prism were
calculated. The average vertical prism was +0.0824 %
0.725 ym and the average MLEve were +0.1250 +
0.2273 pm/s, +0.0363 £ 0.0992 um/s and +0.0193 +
0.0150 um/s for first and second open-eye interval,
and combined data, respectively. Although the chaos
was positive, the amount of chaos of vertical prism is
low and similar to MLEnoa. MLE values were also
calculated for all coefficients upto the 4th order and
are listed in Table 1. The MLE values of the 8 and
4th orders were found to be larger compared MLEvp.
This would appear to support the notion that the
vertical prism term describes the dynamics post-
blink tear flow [18]. Similar to vertical prism the
MLE values were higher in the 1t open-eye interval
compared to the 2nd or combined data, except for
spherical aberration. This systematic finding might
be due to ‘reflex tearing’ [15] that occurs with
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consecutive 15s intervals of forced eye-opening used
in the experimental paradigm, which is prolonged

compared to natural blinking.

Table 1: Average MLE values of coefficients upto 4th order.

st -
[ om—— ) ;p:n 2nd open-eye Combined
g Y interval data
interval
(pm) (pm) (pm)
Ci1 +0.1250 +0.0363 +0.0193
Cit +0.0996 +0.1431 +0.0747
Cg? +0.0601 +0.2837 +0.0164
Cq0 +0.0482 +0.0811 +0.0275
Cq? +0.1801 +0.0222 +0.0189
Cs® +0.1282 +0.2568 +0.0527
Cs! +0.1482 +0.0922 +0.0149
Cst +0.2704 +0.0703 +0.0136
Cs® +0.1053 +0.0655 +0.0493
Cyt +0.1767 +0.1298 +0.0516
Cy? +0.0586 +0.0347 +0.0183
Cy +0.0711 +0.0296 +0.0173
Cg +0.2255 +0.1525 +0.1892
Cqt +0.0246 +0.0523 +0.0173

The MLEs of the coefficients and higher order
aberrations of the combined data were lower than
the MLEs of each individual open-eye intervals.
These results indicate that combining datasets
reduces the MLE determined for each individual
open-eye interval.

The study of Hampson and Mallen [9] examined
the effect of the tear film on chaos for aberrations of
the whole eye using a scleral contact lens, an MLE of
+0.33 um/s was found for the scleral contact lens case
compared to +0.27 um/s without the lens. Since the
intent of the scleral contact lens was to preserve the
tear film, the authors concluded that the reduction in
the MLE without the lens was due to fluctuations in
the tear film. Our experiment also supports this
finding. When examining the anterior surface
aberrations alone, small positive MLE values were
obtained for both HOA and vertical prism. The tear
film dynamics alters the anterior surface aberrations
of the eye and, with minimal amount of chaos
exhibited, is likely responsible for decreases in the
chaotic nature of the ocular aberrations in total.

Correlation between eyes in chaos of the anterior
surface aberrations: The chaos of the anterior
surface aberrations were compared between eyes of
an individual participant. A t-test was carried out to
examine the difference in average values of MLE
between the eyes. The MLEnos and MLEve of both

the open-eye intervals and combined data set were
investigated separately. There were no significant
differences in MLEnoa or MLEve between eyes for all
3 data sets (t-test; p=0.05). Since the analyses
demonstrated similar results across all 3 data sets,
we employed the individual open-eye interval data
sets to plot illustrative figures. The comparison
between the right and left eye of the MLEnoa and
MLEve for all participants is shown in Figure 2. The
correlation of MLEnoa for eight pairs of eyes was
negative but was not strongly correlated (= -0.261,
p=0.54; Figure 38). Similar to the findings for
MLEHos, the correlation between right and left eyes
of the MLEve was also small, negative and not
significant (r=-0.2, p=0.71).
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Figure 2 (a): Box plots showing the MLE values
obtained for HOA RMS from each eye and open-eye
interval of individual participant. 2(b): Box plots
showing the MLE values obtained for vertical prism
279 coefficients from each eye and each open-eye
interval of individual participant.
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