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Abstract

Purpose: The main aim of thexperiments in this thesis to evaluate the feasibility of using
signal detection theor{6DT) to determinghedetectability and bias of various ocular surface

pneumatic stimuli
Chapter specific purpose:

Chapter 2To determine the feasibility of using a portable carbon dioxide sensor to calibrate a

pneumatic esthesiometer and then to calibrate the chemioalisti

Chapter 3i) To evaluate the feasibility of using signal detection theory (SDT) to measure the
detectability and bias for nociceptive and frarciceptive corneal pneumatic stimuli. ii) To
compare the detection theory estimates between stimulus fip&o test the human corneal
psychophysical data from this study against the linking hypotheses based on-pirenate
physiology using the Bayesian analysis.

Chapter 4To evaluate the detectability of pneumatic corneal stimuli and responsesinigs u
multi-stimuli multi-criterion signal detection theory (MSDT) and analyze the effect of different
factors on each detection theory parameter. Also, to evaluate tksensory/psychological
participant attributes of anxiety and general decision makimydetermine the relationship

between psychological and psychophysical parameters.
Methods:

Chapter 2The chemical stimuli in ocular surface experiments, are combinations of medical
air and added carbon dioxide (%&OThese stimuli were calibrated ngi a portableCO;

sensor (COZIR CM)041) and data logger, delivered for 90 seconds using the Waterloo
Belmonte esthesiometer. The distances between sensor and esthesiometer tip were Omm (to
measure feasibility), 3, 5, and 10mm. In Experiment I, 100%W# tested using 4 different

flow rates (50,100,150 and 200 mL/min) at 3 working distances. In Experiment I, flow rates
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of 20-100 mL/min and concentrations of-200%CQ were tested in 20 steps at 3 working

distances.

Chapter 330 asymptomatic participa{10 in each experiment) were recruited after screening
for ocular surface abnormalities using-&itnp biomicroscopy. The pneumatic stimuli were
delivered from a 5mm working distance to the center of the corneal surface using the Waterloo
Belmonte esth@ometer. Initially, corneal thresholds were estimated as a baseline for the SDT
experiments using the ascending method of limits, followed by the SDT experiment to estimate
detectability ¢l oand bias. The signal for the SDT experiment, a sthpesholdstimulus of
intensity 1.5x the estimated threshold, was presented with a probability of 0.4 (i.e., 40% signal
and 60% catch trialsfi @nd bias were estimated for mechanical, chemical, and cold-supra
threshold pneumatic stimuli in separate experimentirléls were presented for participants

in the mechanical and cold stimuli groups; 50 trials were presented for the chemical stimuli
group. The trials were demarcated using automated auditory prompts and participants
responded whether they detected thgus or not using a button box after each trial. An
additional experiment was conducted using the cold stimulus with 60% stimulus probability
on a separate study visit. Tdebcriterion €) and likelihood ratiol( ) ftvere calculated for

eachparticipant from the yes/no responses.

Chapter 4:Thirty-six participants were recruited using convenience sampling and grouped
based on the symptoms score from the BE@Questionnaire and contact lens usage.
Psychological and psychophysical assessments dane sequentially. At the start of the first

visit, general decisiomaking (DM) and trait anxiety were evaluated. DM was assessed using
the Melbourne decisiemaking questionnaire Il (MDMQ II) and trait anxiety was assessed
using the trait version ofhe Statelrait Inventory for Cognitive and Somatic Anxiety
(STICSA) questionnaire. A Waterloo Belmonte esthesiometer was used to deliver cold,
mechanical, and chemical stimuli to the center of the cornea at three separate study visits. The
stimulus type wa assigned randomly to each visit at the start of the study. The threshold
(baseline for detection theory experiment) for the assigned stimulus type was obtained using
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the ascending method of limits. State anxiety was assessed using the state STICSA
guestonnaires, which were administered before {pend after (pos} corneal threshold
measurements. In the cold and mechanical MSDT experiments, 100 trials (80 signal (20 each
for 4 intensities) and 20 catch trials) were presented in randomized order, raoigpgas
responded with a -point confidence rating to each stimulus. In the chemical MSDT
experiments, 50 trials (20 signal trials each for two intensities and 10 catch trials) were
presented, and responses were provided usipgint confidence ratingDetection theory
indices were obtained individually and as groups, which were then analyzed using mixed
models and paired-tests. The relationships between psychological (DM, anxiety) and
psychophysical (threshold, detectability, and bias) indices aeatyzed using Spearman

correlations.
Results:

Chapter 2The CQ sensor correctly reported the esthesiometer extremes of 0% and 130% CO
when placed at the esthesiometer tip. There were progressive, systematic increases in
concentrations reaching/repedt by the sensor with increasing flow rates and nominal

concentrations, and progressive decreases in measurements with increases in working distance.

Chapter 3The average (xSH) 6f the suprehreshold cold stimuli was 0.59 + 0.1 units, while

the averged of the mechanical and chemical stimuli were 1.65 + 0.37 and 1.14 + 0.3 units.
The average (£SE) criterion for the mechanical, chemical and cold stimuli were 0.58 + 0.097,
0.37 £ 0.13 and 0.23 = 0.1 respectively. The Bayes factor (BF) obtained hisiBgyesian
ANOVA mildly favored (BRo= 1.55) a difference between tledf the stimulus types, with

no support for a difference in the criterion between stimulus types. Further anaty Gisiofy
multiple comparisons supported the linking hypotheseset on the nociception and nerve

conductance.

Chapter 4:SDT: da and the area under the curve;(Avere significantly different between

stimulus intensities within each stimulus type (ak 0.001) but were not different between
Vi



the stimulus types. Receiver operating characteristics (ROC) curves were separable between
the scaled intensities for all stimulus types, and no overlaps were observedRQlspace.

Bias calculated using the Idaan of criterion €), as expected, was significantly different
between each psychophysical criterion level and between the intensities within a stimulus type
(all p < 0.001). For the chemical stimulusyaried with stimulus intensity and was affected

by factors (asymptomatic/symptomatic, Roontact/contact lens wearers, and both, all
interactionp < 0.01). In addition, another bias metticy depended on stimulus intensity and
psychophysical criterion for all stimulus typeBecisionmaking: The scoresfor DM
components were significantly different from each other (F (3,105) =p12D0,.001), and the
contrast analysis showgldatthe DM-vigilance scores were significantly different from other
DM-types. Significant positive correlations were observedwéen procrastination,
hypervigilance, and buegassing scorep(< 0.01). The chemical detection thresholds were
negatively correlated with the vigilance scorps=(0.04), and the buegassing scores were
positively correlated with theatbf mechanical Hreshold stimuli § = 0.049). There were
significant correlations observed between the bias and DM scores, but most of the correlations
were observed only for eithed or c4. Thec4 obtained for cold threshold, 1.5x, and 2x
threshold stimuli were positilie correlated with the buegpassing and procrastination scores

(all p < 0.05).Trait anxiety:Cognitive and somatic trait anxiety were significantly different
from each otherp( < 0.001) and were positively correlated € 0.001). A significant
interactionof gender was observed in the relationship between cognitive trait anxiety and
mechanical detection thresholqs< 0.05). The epbrimes were not correlated with either trait
anxiety scores. The bias (c¢c and cbrrelatgdwithmost | y
the trait anxiety scoresp (< 0.05). The cognitive trait anxiety scores were significantly
correlated with their bueckassing, procrastination, and hypervigilance DM scoresp(all

0.05). State anxietyThe somatic component of the state anxiety significantly reduced as the
study progressedp(< 0.05), but no significant change was observed in the cognitive
component. The state anxiety scores from prel post threshold measurements were not
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significartly different from each other, There were significant correlations observed between

the bias (mostly criterion 1 or 4) and state anxiety scorep €0.05).
Conclusion:

Chapter 2C0O; concentrations in pneumatic esthesiometers can be calibrated expbated,
vary with flow rate and distance, highlighting the importance of calibration and standardization

of COy stimuli in these instruments.

Chapter 3:0Our experimentsvere the first to show that it is feasible to use a detection
theoryapproach to exaine ocular surface sensory processing. The detectability of the cold

stimuli was low compared to the noxious mechanical or chemical stimuli. The participants in

this experiment chose a conservative strategy
this strategy might be anticipated considering that the experiment was designed with a
relatively large proportion of catch triaBased on the outcomes, there is a need for a-multi

criterion multistimulus repeated measures experiment to analyzk émelbias characteristic.

Chapter 41t is feasible to use MSDT for analyzing ocular surface sensory processing and the
theory provides insight into the possible bias associated with the use of pneumatic stimuli.
With noxious and nomoxious pneumaticstimulation, detectability and criteria vary

systematically with stimulus intensity, a result that cannot be derived using classical

psychophysics.
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Chapter 1

| ntroducti on

1.1 Cornea:

The cornea is a multifaceted part thie eye that is responsible for maintaining both the
structural and functional integrity of the anterior surface and also the entite &yis. the
anteriormost part of the human eye which is transpatg@ghly sensitive, and predominantly
avascula¥®, and although quite well described, some anatomical, physiological and neural

mechanisms remain uncleat?

The cornea is a firk ayer ed structure consisting of

Descemet 6s, and endot he MRecéntstudiep kavesalsqrepartece r i o r

a sixth layerinthe foomofpfbe s cemet 6 s or Duabds | ayer but
debated?!® The epithelial layer is the anteriorost or the outermost layer of the human
cornea which has multiple lays of tightly packed squamous sellhis layer acts as a barrier
against the diseasmusing micreorganisms from entering the eye and regulates the fluid and
nutrient exchange between the corneal layers and teal*filinis is also the layer where the
majority of nerve endings/receptors are locdt®td@ he second | ayer i s
consisting of randomly arranged collagen fibrils which act as an anchor for the epithelial cells
to adhere to the corneal stroma. This membrane also helps in maintaimegl integrity and
shape. The thickest layer of the cornea is the stromal layer whict¥dR8®f the total corneal
volume consists of collagen fibrils and keratocytes providing structural integrity and
transparency to the corn&aThe optimal functning of this layer is dependent on the fluid
regulation by the epithelial and endothelial layers of the cornea. In addition to the structural
integrity, the stroma also acts as the entry point for the sensory nerve bundles into the cornea
and since thesare nerve bundles the diameter of nerver§ilis usually thicker than the nerves

in the sukepithelial layer. The nerve bundles travel in a straight path parallel to the stromal

t

coll agen fibrils. Descemet s | ay aherericssof a bas

endothelial cells to the stroma. The postenwst layer is the endothelial layer made of tightly

packed hexagonal cells, which helps in regulating the fluid and nutrient transfer between the
1



posterior stroma and aqueous hurifddamage to thee layers would affect both the structural

and functional integrity of the cornea.

1.2 Corneal innervation:

The corneal innervation is mainly sensory with a few sympathetic neess fdomonitor and

manage surface dryneés$he dense sensory innervatiortiod cornea comes mainly from the

ophthalmic branch of the trigeminal nerve and a smaller proportion of nerves from the
maxillary branch of the trigeminal nerve which is predominantly found to innervate the inferior

region of the cornea. The nasociliary e which is also the ophthalmic branch of the
trigeminalnervee nt er t he eyeb6s orbit alongside the op
long ciliary nerves to innervate the cornea and other ocular structures. These ciliary nerve
bundles, through thlimbal region, enter the cornea at the level of-stidma and ascend

anteriorly towards the epithelium, leaving the posterior half of the cornea devoid of nerve

fibers. After entering the cornea, at around 1mm from the limbal area, these stromal nerve
bundles lose their myelin sheath to become transparent and are protected by the transparent
Schwann cell sheaths instead. The stromal f i be

membrane and then bifurcate into smaller fibers in the basal celldftres epitheliun.®19
17

The branched subasal fibers are either thick and straight (forming bundles) or tortuous and
beaded (single nerve fibers). These nerve bundles at thHeasablevel run parallel to the
surface and bifurcate several timesdmithesubepithelial nerve plexus which are visible as

a vortex patterd>1719 Some of these nervésve beembserved to end as free nerve endings
parallel to the surface of the epithelium at the-babal layert>1"1° Similar to the thick and
straight nerve bundlethe tortuous and beaded branch of-babal nerve fibers run parallel to

the surface but diagonal to the straight nerve bundles and then turn perpendicular to form
multiple bulbar nerve endings closer to Hreerior surface. Some of these neurons bifurcate
further before forming nerve endsg The functional differentiation between these fibers is

unknown but the nerve endings were found to have different types of receptors to detect
2



stimuli.* The bead-like enlargementsn the tortuous subasal nerve fibers were found to
contain mitochondria anglycogen particlesA few nerve endings do najppear tdhave any
receptors and the functionality of those nerve endings is still unkriéwht’ Though there

are various advancements in corneal imaging, the structural details of the receptors and smaller

nerve fibers remain uncle&af:13 1’

1.3 Sensory pathway of ocular surface stimuli:

As mentioned earlier, the corneal sensory trigeminal neurons detect the fsimuhe ocular

surface and transmit the sensory impulses to the spinal cord, brainstem, and somatosensory
cortex, where different types of pain are processed and to elicit an appropriate response like
evasive action, blinking or tearing to counter thenati (Figure1.1). The first and second

order pathways for the processing of information from the ocular surface have been identified,
but the higheorder processing ohdividual components of ocular surface nociception, such

as irritation, itching, burning, discomfort, etc., are still unclear. The ascending pathway of the
trigeminal system caiesthe signal to the spinal cord (C1 & C2) and brain st€he ocular

surfece is represented mainly in the trigeminal nucleus interpetarigalis (Vi/\Vc) transition

and subnucleus caudalipper cervical spinal cord (Vc/C1) junction regions. The second
order neurons responsive to noxious mechanical, chermrdakermal stimuli have been found

in both Vi/Vc and Vc/C1 regions. Vi/Vc corneal neurons may play a role in specialized ocular
functions such as blink and tear reflexes and represent an endogenous antinociceptive control
pathway while Vc/C1l neurons maymediate sensorgliscriminative aspects of pain

sensatiory:>%°
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Figure 1.1: Physiologic corneal pain pathway (Reprinted
Rosenthal P, et al8?).

1.4 Ocular surface sensory system:
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The corneal nervesssist in protectinghe corneal surfacky detectingthe factors that can

harm the corneal integrity and the nerves are bombarded continuously with multiple types of
stimuli® The corneal neural netwarlsimilar to the somatic painetwork, consist of a
complexsystemof neurons with nervendings at the corneal surface to defsatentially
noxious stimul?®2?12?Since there are no electrophysiological studies conducted to evaluate

human/primate corneal neuphysiology, the coreptsareadapted from the cat, rabbénd



guineapig corneal neurophysiological studf@??*° The rneal neuronsareclassified into

two typesbased ortheir conduction velocities and presence of myelin sheath surrounding the
neurors. thinly myelinaed f ast ¢ o n-fibers dand unigyelidated slow conducting C
fibers222927.31.32The electrophysiological studies on cat and rabbit corneas identified three
functional types of cornéaensory nerve fibemghich conduct nerve impulses either through
Al ofibersE828333Fhe proportion of nerve fibers in the cornea vary significantly between
the different species antlwas found to bapproximately70% polymodal nociceptors, 20%
mechanenociceptors, and 10% cold receptors in cat and rabbieasfi{> The sympathetic

and parasympathetfibers are also preseint the rabbit and cat corneas, lmniy few fibers

are identifiedin nonprimatecorneas. The signal detected by the cold thernegeptors and
polymodal nociceptors is condectthroughthe Gfibers, and the low threshold mechano
nociceptorgransmit impulses through tfi@stc o n d u c {fidens fgr a Aapid response to the
painful mechanical stimufi®?34Since there is no systematic neurophysiological examination
on theeffects of human corneal stimulations, the presence of receptors/channels in the human
cornea has been evaluated psychophysiéaMultiple corneal psychophysical channels in
the human corndaave beeidentifiedby Feng and Simpséfand the detectionféhe human
ocular surfacatimuli are complex due to the interdependence of the components of the ocular

surface sensory processing system (both within and between the cornea and conjunctiva).

Cold receptors are the namoxious thermoreceptors that deétacdrop in the temperature of

the anterior ocular surface. The cold recept
temperature drogs?>3The evaporation of the tear film has been found to be a probable
physiological basis for the reductiontire surface temperature and as little as 0.1°C downward
change has been reported to alter the impulses from the cold reéepfdmhe polymodal
nociceptors detect a wide range of noxious mechanical, chemical and thermal stimuli, whereas

the low threbold mechanaociceptors detect only the noxious mechanical foté&3he

polymodal nociceptors have a higher mechanical threshold compared to the mechano
nociceptor$ In humans, polymodal nociceptors are hypothesized to produce the
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stinging/burning  sesation, whereas mechanociceptors produce a sharp
discomfort/irritation? In addition to the physiological differences, four modadipecific nerve

fiber populationhavebeen identified based on the nerve conduction velocities and stimulus

energy (fromslowest to fastest): 1) cold receptorsf{iiers) with velocities between 0.25.6

m/sec, 2) Chemosensitive receptors (C fibevih velocities between 1.11.8 m/sec, 3)
mechanosensitive A0 f i be28sm/seciandh4) higiteshald t i es b ¢
mechanoandtherms ensi ti ve Al fi ber si4imisde®®3P®e | oci ti es

1.5 Esthesiometers

Contact and nowontact corneal esthesiometers have been used in meascwiag surface
sensationThecontactesthesiometer can ontigliver afocal mechanical stimuluand he first
contactesthesiometeawasbuilt by von Frey® with calibrated horse hairs of different lengths
attachedtdtheg | ass r ods. Based on von Freyds concept
axially on thecorneal surface is proportional to the diameter and the length of the hair, Boberg
Ans*®invented a device using a single nylon thread of constant diameter but of varying length

to measure sensitivity; this was further improved by Cochet and B'énnet

CocletBonnet esthesiomete(€-B) consist ofhair or nylon filaments of variable diameter
and length to deliver tactile stimuli to the ocular surfacd it is widely used in both clinical

and research settings due to tbenvenience and relative ease of .#%¥ The nylon
monofilamentthat is commonly uséd4’is 60 mm in length and 0.12 mm in diameter, and
this produces pressures ranging from 11 to 200 mg per 0.01Z3Timough it is widely
utilized, the CB esthesiometer has major drawbacks such as fbeakurements, filament
bending resulting in stimulus intensity variation, narrower stimulus intensity range compared
to a pneumatic esthesiometer, and the ability to measure only mechanical seffsifivitso,

the filament is also a visual stimulus tltan produce bias in the responses provided due to

anxiety about the filament coming close or touching the*&tfe.



To overcome the weaknesses of the Co8lmgtnet esthesiometers, more sophisticated devices
have been developed, which presumably pralgteater precision. These devigtherhave
different types of probes directly placed on the corneal suffaloer usedifferent types of
pneumatic stimuf? to determine the threshold for a localized mechanical force. However,
these devices are limitetb measuring mechanical sensitivity. Although a temperature
controlled saline jet esthesioméférand a CQlaser esthesiomeféhave been developed to
measure thermal sensitivity, they have not been widely applied.

The Belmonte esthesiomet@elivers air pulses of controlled flow rate, tempergtaral air

CO. mixture to the ocular surface, allowing measurement of sensitivity awange of
mechanical, thermaland chemical stimufi® These esthesiometsr consist of two gas
cylinders, one containing mediegtade compressed &ir8% nitrogen, 21% oxygeh9%
argon,0.03% CQ and othettrace elemenjsand one of 98.5% CfOconneatd through two
pressure regulators and two unidirectional regulators to an electronic proportional directional
control valve (PCV) The PCV adjusts the flow of air and g€®eparately, producing gas
mixtures with a controlled proportion of G@nd air. Thefinal flow of the gas mixture is
adjusted with a flowmeter and supplied to a probe waitinternal diameteof 0.8 mm on a
mount with fine position control. The probe contains a temperature controlling device
comprising a thermode, a serxegulator, a Fger cell that warms the gaand a solenoid
valve to control the output of gas. During stimulation, the gas is transiently directed to the tip
of the probe by changing the direction of flow from the PCV. A pulse with a defined CO
concentration, temperate, and flow rate from the tip of the probe flows towards the ocular

surface for specific intervals (ranging typically from 1 to 10 secotids).

AThere is anewer but abandoned US patent applicatiorafquid jet esthesiometer by Ehrmanne&t2018 US
patent application 21090099071)
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A modified Belmonte esthesiometer was manufactured at CRCERT at the University of New
South Wales? The design is similar to the original device but with different electronic
flowmeters and temperature controllers, a heating coil at the tip of the probe to keep the
stimulus delivered approximately at corneal tempera@md a smaller inner diameter 50.

mm) of the probe. The temperature sensor provides feedback to maintain a steady temperature
independent of airflow and ambient temperature. The modified Belmonte esthesiometer is
mounted in an American Optical n@ontact tonometer housing with an opticnge finder

to allow a fiprecised stimulws distance contro

Using the CRCERT Belmonte esthesiometer as a platfornm, automatedBelmonte
esthesiometer has been developed at the University of Waterloo, with coynitetied

mixing of air and CQ@flow rate and temperatuPé Additionally, a calibrated video camera
continuously monitors the distance betweabe cornea and the ti@gnd the orthogonal
alignment of the tip of the esthesiometer and the ocular su@arstom softwarenonitors/

controls stimuli and collects the responses provided by the participants. The type of response
depends on the psychophysical method and a few of the psychophysical methods are described

below.

1.6 Psychophysics:

Fechner coined thé dedsaor ilpsgchopblyepletysi cs as
the relations between body and soul 6 which i«
sensory events and perceptual responses to the external StithuMore recently,
psychophysicshasbeenadee d as @At he analysis of perceptual
on a subjectds experience or behavior of syst

along one or more® physical di mensi onso.
1.6.1 Classicalmethods ofpsychophysi@l measurements

The classical psychophysical methods utilize the concept of thresholds which plays a crucial

role in the assessment of the sensory system. The threshold is used as a quantifier of the
8



performance of the sensory system and it is defined asutity at which the stimuli or the
change in the intensity of the stimuli is detected 50% of the¥ifdwo types of thresholds

are used in classical methods: absolute and difference thresholds. The absolute threshold which
is also a detection threddas defined as the value (intensity of the stimulus) in the sensory
continuum at which the stimulus is just detected. The difference threshold is defined as the
amount of change in the intensity of the stimulus that is needed for the stimulus to texldetec

as different from the reference stimulus. The classical psychophysical methods which can be
used to estimate thresholds are the method of adjustment, constant stimuli, argiISitee

only detection tasks were used in this thesis, the desagptielow for each psychophysical

methodareonly based on the detection task.

In the method of adjustment, participant is asked to adjust the intensity of the stimulus until it
is barely detectable while increasing the intensity from an undetectabldustitascending)

or decreasing the intensity from an easily detectable stimulus (descending). In this method, the
stimulus is always present and the intensity of the stisnglaontinuously adjusted using keys,
knobs, or joysticks until thetimulus is bagly detected. There is a higher chance of error in

this method due to the possible habituation and adaptation to the stihisiimethod is used

rarely in corneal sensitivity studie$n addition to the drawbacks mentioned above, the
continuous presencd pneumatic corneal stimutian artificiallyinduce evaporative dryness

on the corneal surface resultingan artificially inducedrritation or discomfor®>’

The method of constant stimuli is one of the classical psychophysical methods that have been
used to measure thresholds. In this method, a series-défamined stimuli are presented in
random order multiple times and a threshold is then calculated by estimating the 50%
probability (most common) of detection. It is a tht@nsuming experimensaeach intensity

in the predetermined stimulus range is tested multiple times. There are possibilities of fatigue

and adaptation effects when this method is G%ed.

The method of limits is similar to the method of adjustment but the stimulus is pabased

on the response provided by the subject for each*talhe initial intensity of the stimulus
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is either lowest (ascending) or strongest (descending) depending on the method. The intensity
is either increased or decreased depending oreiponse in prdetermined steps. Different

step sizes are employed to obtain the absolute threshold. This was proposed to reduce the time
taken to obtain threshold compared to the method of constant stimuli. Often this method has
two different step sizegine (larger step size) to get gross thresholds and the other (smaller
step size) to get absolute threshold. Initial step sizes are larger until the first change in response
is obtained and then the trials are repeated with smaller step sizes to oluthiteabsesholds.

The trials in smaller step sizes will be similar to the larger step sizes, but it will start from one
or two steps before the changeover point in the larger step size trials. This procedure is usually
repeated several times to improve élceuracy of the threshold and the experiments start from

the first step (lowest intensity (in ascending methods) or strongest intensity (in descending

methods)) every repetition.

The aforementioned methods are generally referred to as classical psyataphgthods. A
relatively recent modification of the classical methods of limithés dtaircase methpdn
extension of the method of limjtgx which rules are used to adjust the steps and number of
reversas (transitions from yes to no or no to yes)chlculate the threshotd>’:%*This method

(in simpler form)is likely touse fewer steps to calculate the threshold compared to the method

of limits. Similar to the metbd of limits, the staircase has ascending and descending methods.
One of the mairadvantages of the staircase methods is that multiple staircase experiments
could be performed in the same session. The staircase method will have different step sizes
depending on the number of reversals and responses provided by the participant.CHse stair
may have bigger steps initially until the response change is observed, followed by a smaller
step size and there is an option to indicate how many reversals for each step size. For example,
an experiment could be conducted with 8,4,2,1 step sizesewieefirst set of trials follow 8

steps, followed by 4 steps in the reversal, and then 2 and 1 until the required number of
reversals is completed. Each response change is a reversal, and the end of the experiment is
decided by the number of reversald bg the examiner. The threshold for the staircase

experi ment i s usually calculated by taking
10
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Each reversal is the same as repeating the method of limits but in much shorter intervals and
steps. There are any modified staircase methods available and the main modification is in
the form of conditions that are set to each step based on which the experiment either moves
forward or backward (reversal). For example, a condition can be that out of 2 trialsainbe

step, participants should correctly identify both trials to move forward, or else a reversal will
happen. This particular method is indicated as the 2UP 1DOWN staircase method. Though
manual stimulus presentations are possible, often staircase misthmmhducted using

computer program®:>’

In addition to classical methods, the sensory characteristics of the ocular surface have been
evaluated using psychophysical scaling where the relationship between a quantitative mental
event (output) and physitstimuli (input) is evaluate®®>’ There are other psychophysical

met hods that donét apply the concept of thre

stimuli and one of those is the signal detection theory.
1.6.2 Signal detection theory(SDT):

A detection model known as signal detection theory or detection theory was created by
combining the high threshold theory of detection and signal decision theory that separates the
detection of the stimuli based on sensory and decision pes®$é The sasory process

explains the sensory representation of the physical stimuli (amount of separation of the
stimulus from noise) given by the detectabi|
criteria which explain the bias associated with the deteaif the stimuli.Detectability is

proposed to reflect the physiological condition of the nervous system, dggisioncriteria

reflect the cognitive aspect of sensation (how much a subject is willing to report a sefiation).

64 People holding consertiae criteria will reveal higher thresholti®cause they are reluctant

to respond AYesoO to a stimulus unl ewhile it pr
those who hold liberal decision criteria will reveal lower thresholds supposing the staveili h
thesame detectability. Many factors affélae choice of criteria, such as emotional conditions

(e.g. anxiety), personality, as well as cognitive factéP8.In SDT experiments, instruction,
11



stimulus probability and pagff conditiorsallcanchange ubj ect s 6 <cr i teri a chec

been a fair amount of research into pain ussiyr andthe authorsof those studietave

proposed that sensatiohpain has both physiological and psychological compon&tf&Eor

example, wrk on theeffects of instruction and placebo using SDT has demonstrated that
subjects changed their criteria instead of detectability when their anticipation of the stimuli
differed®°%8.70.74if only classical psychophysical methods were used, the results efdhis

woul d have | ead researchers to conclude that

and positive instruction, suggesting that each had analgesic &fcts’?

According to SDT, to elicit a response for a given trial, the sensory gréicetsdetects the
stimulus and this is then followed by the decision process (influenced by midties) that
shifts the response either in favorthe signal or noisé?’2 There are a few types of SDT

available but in this thesis, only the bagisno and rating SDT methods are used.

1.6.2.1YesNo SDT:

Participants, for each trial in this method, identify with a yes/no response whether the neuro
sensory effect is from the distribution of sigrf@+N) (stimulus was present) or from the
distribution of n@se (stimulus was absenEor brevity,the fisignal + noise distribution will

be referredoas fisi gn al dhehitmates (RR) gpropohien ofisignal trials correctly
identified as a signalland false alarm rates (FAR) (proportion of catch griatorrectly
identified as a signaBrecalculatedbased on these responsBEse detection theory estimates
(do6 and ecalculatedising thd HRaand FAR2 Thed Gn standard deviation usitis
thedistancebetween the means of sigrfa(HR) and noise distribution (EAR)) (Equationl)

and itis a parametric estimate bas@d the original detection theorpn the assumptiothat

both signal and noisdistributions aré&aussian normal disbutions(Figurel.2 A). A is the
nonparametric estimat of detectabilityt h a t doesnot use gaussian
assumption in the calculatiofhe criterion €) and likelihood ratio ff) are the estimates of
bias335782The location of theriterion on the decision axiadicatesthe general tendency of

the participants to respond yasoduring the experimenthe criterionin standard deviation
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units, is the distance between the neutral point (where there is no bias) and the location of the
criterion (Equationll). b thesother form of bias determinatievhich estimaeshow likely

the participant woulthaveresponédfiy e s 0 t o e @clh). t ri al (Equat

o Criterion G

Hit rate

Probability

) False alarm rate
Sensory continuum

Figure 1.2:(A) Distribution of signal and signal + noise showing the d', location of criterion and c. The are
highlighted with the star represents the correctidentification of the signal and the triangle represents th
incorrect identification of the noise as signal. In a rating experiment, multiple criterion lines will be prese
relative to the number of ratings used. (B) ROC curve with false alarm on-axisand hit rate on y-axis. The
blue dot represents one possible data point if ye® response was used to determine SDT parameters ¢

red points indicate one possible combination of data points if the response was based on 5 (4 criteria) rat

Q & 0Y a"0d'Y )
© T a'0Y & '0d'Y ) )
[ Ag8® a 00Y & 0OY )Y ))

SDT assumes that participants have fixed detectability when asked to detect a stimulus of
certain intensity>®**However, response bias mapendingry t he
on their willingness tolfrepodrits Aiymsar ioabliae, C
than one pair of hit and false alarm satkat could producethe same detectability for the
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stimulus intensity tested. Though the same detectalsildbtained, the difference between the
pairs produces different response bi@é&3/°Based on this concept, all possible hit, and false
alarm rates can be estimategsing afunction called receiver operatiratparacteristics (ROC)
curve where hit rat and false alarm rates are plotted against each @gere1.2 B).626373

Both metrics have a range between 0 and 1 indicatingrtportionof each metric. The hit

rate of @A00 indicates a poor hit r alas wher e

signaland 1 0 i ntlthi adl sighas tsials were correctly identified as sigiah the other
hand, a false alarm rate of A0O0 indicates
identified all catch trials as noisend @10 i raldcatchattiaks sverd ihcartectly
identified asasignal The graph is bounded by the range of proportions of hit and false alarm
rates and the ROC curve connecting (0,0) and (1,1) through the data point indicates the

detectability.All the points on thdeROC curveare possible pairs of hit and false alarm rates

(di fferent response biases), for each | evel

di agonal connecting (0,0) and (1,1) is the
false alarm rates are always equal. In the simplest model of SDT, it is assumed that each
stimulus has its own detectability along a sensory continuum. The ROC curve could be used

to compare different variables, stimuli, signals, or outcomes from differentimepes®2:63.73

As mentioned earlier, each point on the ROC curve represents a different bias due to the change
in the hit and false alarm rate pair. In a simpleyesSDT experiment, only one point on the

ROC can be measured in an experiment as theigritehangescannot be evaluated. To
measure changes in criterion or different points on the ROC curve in a single experiment, a

rating SDT method is needed.

1.6.2.2Rating SDT:

In rating SDT, participants respond to each trial with a confidence rating in$tgeslro. For
example, in a detection task, participants respond to each trial using a scale of 1(most certainly
signal was not presented) to 5 (Most certainly signal was presdatdt)w confidentthey

are that they detected a signal. These rated resgsomllow criterion changes during the
14
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experiment to be evaluated and these ratings are also used to identify different points of the
ROC curves. A rating task with 5 ratings will provide 41(npoints for the curve and the
number of ratings is decided llye examiner beforehand depending on the number of trials

and criteria evaluateFigure 1.3).6263.73

Criteria for S2° Criteria for 3

Criteria for S1 J

Probability

| -2 | 0 1 2 3

Sensory continuum

- S — - //
) : >
p ;
A
p
p
/ /
e

/ ~

Hit rate

False alarm rate
Figure 1.3: Schematic representation of multistimulus multi- criterion SDT. (Top figure) Gaussiar
distribution for 3 signals and a noise with4 criteria for each stimulus. Signals are indicated with differen
colors and the distance btween thenoise and each signal distribution gives detectability of thagignal;
(bottom figure) ROC curves for each of thesignal with criteria indicated only for S2. Please note th

criterion levels were chosen separately for each stimulus pair
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The hit and false alarm rates in the rating task are obtained by consideringfh aueach

level and estimating the hit and false alarm rates at each level. For examplgaamerating

scale, the first point on the ROC curve is obtained by havingutheffcat rating 1 where the

rating of 1 for signal trial as incorrect detection (No) by the subject and all other ratings
cumulatively as correct detection of a signal (Yes). The total number of ratings ffom 2

divided by the total number of signal tsalill be the hit rate. Similarly, a rating of 1 time

catch trial will be considered as the correct detection of noise trial (No) and the cumulative
frequency of all other ratings will be considered as false alarms. Hit rate and false alarm rates

are catulated for each stimulus and the remainder of the ROC will be extrapolated similar to

the yes/ no task. For a stimulus with 5 rating

1) criterions calculate@f:5373

1.7 Ocular surface sensation and SDT:

Theocular surface sensory processing of different types of sthresibeenevaluatedy both
physiological and psycipdysicalmethods on animal and human cornea$As summarized
inTable 1-1, corneal sensory processinghas beenevaluated only using classical
psychophysical technigasuch as the method of limits, method of constant stjraufimore
recently) staircastechnique.831495354M6 The detection threshoid usedas themeasuref

ocular surface sensati@ven thoughhe thresholds have been found to vaty*">7"° The
comparison of thresholds betwegnoup$: "% with or without dry eye disease (among
othes 28982 often produced conflicting results. Factors such as age, usage of contact lenses,
iris color, environmental factors, corneal eccentricity, and diurnal variations have been
associated with corneal sensitivity alteratiéh®’ & Interestingly vewing the esthesiometer
during the experiment has been shown to alter corneal sensitiBiyilarly, gudies on
thermal pain have shown that seeing the physical stimuli could affect the crifdri@udition

to these factors, failure to control the 8 e r v e r dc®ulddeaicrucaldravdackin the
classical psychophysical methodthat could possibly affect all the threshold

measurementd:®® The ob s er v goodswmntfor that tparticipant rout, of course,
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different betweenobservers)during a psychophysicalexperiment may lead to biasl
observations as dan be set bas&h multiple factors that are availabledoserverst the time
of the experiment including previous experience, instruction characteristics,siojodbllity,

stimulusintensity or presumed tolerability to painf>-67:68.89.90

Theoretically, vimena stimulus is presented, if the result of the sensory process exceeds the
decision criteria, a fyesoO responisreowowd Wl d e
be provided. In classical psychophysitts overcome these drawbackise decision criterion

is assumed to be fixed (and therefore cannot be assessed, only the threshold is eatithated)

the participants might either choose a liberal or a awatee criterion (being more likely to

say fiyeso or |l ess |ikely to say fiyeso respec
Therefore, because the criterion in a classical method cannot be controlled (or evaluated), the

threshold obtained is natdependent of bias.

As mentioned earlierhe separation of sensory and decisiwaking components could be
obtained using SDTand has been used in the examination of responses to painful
stimuli.®%67919 Though SDT has not been used in ocular serf@nsory processing studies
before,the utility of SDT in somatic, dentahnd other areas of pain perception has been
demonstrated in several studfe§?88.92.%104 Therefore| desigred the experiments reported

in this thesis to measure theletecthility and criterionof different stimuli using signal
detection theoryand to compare these parameters between different clinical groups of

participants.
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Table 1-1: List of studies with different types ofesthesiometer.

Psychophysical A " sia ) 6
ut hor §a) 0 s
Year Author(s) method and o :
_ finding(s)
Instrument
Method of limits
( g g The cool, warm, and hot
ascending an _
1960 Kenshalo B% _ thresholds of lip, forehead,
descending); ) _ o
and conjunctiva wersimilar
thermometer
Threshold decreases with &
_ _ increase in the amount of
Did not mention,
_ _ contact surface. Pressure
1963 Schirmer K06 Schirmer o
_ friction and area of contact
esthesiometer . _
are the main variables
affecting thresholds
) o The judgment of corneal
Magnitude estimation o
thod: Cochet sensitivity to the pressure
method; Coche
1968 Millodot M 107 . applied is controlled by the
Bonnet esthesiomete _ _
power function with an
(C-B)
exponent of 1.01
Did not mention, Comparison between electr
1970 Larson W' Electromechanical mechanical and ®
esthesiometer esthesiometer.
1972 Millodot ME3 Ascending method off Normal eyes become more
illodot
limits (adjusted); €B sensitive by evening
1974 Millodot M1 Ascending method off, Menstruation causes lowet
illodo

limits (adjusted); B

corneal sensitivity
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Psychophysical

Aut hor ga) 0 9

Year Author(s) method and o
. finding(s)
instrument
1975 Millodot M1%® Ascending method of|  Blue irises have the most
illodo
limits (adjusted); B sensitive corneas
. Hard contact lens wearing
. 110 Ascending method of
1975 Millodot M o . causes corneal edema an
limits (adjusted); €B o
decreased sensitivity
1977 Millodot M1 Ascending method of| Pregnant women have lowe
illodo
limits (adjusted); B corneal sensitivity
1977 Millodot M112 Ascending method of| Corneal sensitivity decreasg
illodo
limits (adjusted); B gradually throughout life
1978 Polse A3 Descending method g Sensitivity decrease is relatg
olse
limits; C-B to mechanical adaptation
_ _ Loss of corneal sensitivity
Millodot M, Ascending method of] _ )
1979 R o _ and increase in corneal
O6 L e d¥ y| limits (adjusted); €B _ N
thicknesawith lid closue
_ . Corneal sensitivity reduceq
Millodot M, Ascending method off, _
1980 R o _ with 2.1% to 3.15% patrtial
O6 L e d¥ y| limits (adjusted); €B
oxygen pressure
_ No irreversible sensory
Electrically controlled o
change of corneal sensitivity
thermal apparatus _
) ) _ There was @ecreasén
Tanelian D, (saline bath and salin o
1980 sensitivity hduced by

Beuerman R

jet)
Ascending method of|
limits; C-B

contact lens weawhich
cannot be attributed to simp

adaptation
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Psychophysical

Aut hor ga) 0 9

Year Author(s) method and o
. finding(s)
instrument
Electronic optical There are age and sex
esthesiometer specific differences of
1984 Draeger 3/ (psychophysical corneal sensitivity, and
methodswvere not genetic difference to local
clear); GB anesthetic benoxinate
The lower lid margin is mor¢
. sensitive than the upper lid
McGowan Det Ascending method of _
1994 o no difference on tarsal
al1l18 limits; C-B o .
conjunctiva, large inter
subject variation
A high correlation between
day 1 and 2; contact lens
caused 55% sensitivity
_ Method of constant
Vega J, Simpson o decrease; and 155% decres
1999 stimuli; Belmonte _ _
>4 _ by topical anesthetic; centrg
esthesiometer o
cornea was significantly
more sensitive than the
temporal conjunctiva
o Cornea sensitivity decrease
2000 Battat L, et ak'® | Constant stimuli; €B

after LASIK
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Psychophysical

Aut hor ga) 0 9

Year Author(s) method and o
. finding(s)
instrument
Ocular surface sensitivity
and tear production
Ascending method of| decreased after temporary
2001 Yen M, et al!?° o o
limits; C-B punctual occlusion in normg
subjects and will return to
normal after 14 to 17 days
Ascending method of] .
. o N The central cornea is more
Feng Y, Simpson limits; Modified N
2003 sensitive than the temporal
T Belmonte o
conjunctiva
Diurnal variation in corneal
Ascending method of| sensitivity and thickness ma
2003 Du Toit R et aft?! limits; Belmonte be physiologicallyegulated
esthesiometer by the hypoxic conditions
caused by eye closure.
2004 De Paiva C, Method of levels; Dry eye patients have highe
Pflugfelder $22 Modified Belmonte corneal sensitivity
Ascending method off  Age-relateddecrease of
2004 Roszkowska A? o o
limits; C-B corneal sensitivity
A gradual reduction in
Doublestaircase corneal sensitivity with
2004 Murphy P et al?3 method of limits; increasing age in both nen

NCCA

diabetic and diabetic

subjects
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Year

Author(s)

Psychophysical
method and

instrument

Aut hor ga) 0 9
finding(s)

2004

Adatia F et al**

Did not mention; B

Reduced corneal sensatio
correlated withincreasing
severity .of
Patients with advanced
corneal staining likely to
have fewer dry eye
symptoms

2004

Feng Y, Simpson
T36

Ascending method of|
limits; Modified

Belmonte

There are psychophysical
channels on the human
cornea, and they are
independent

2005

Stapleton F, Tan
M 125

Method of constant
stimuli; Belmonte

esthesiometer

The cornea is more sensitiv
than the conjunctiva; the
conjunctiva is more sensitiv

to thermal stimuli

2005

Golebiowski B,

Stapleton B

Unequal staircase

technique (Garcia
Perez Staircase

(GPS)); Belmonte

esthesiometer

Unequal staircase techniqu
(GarciaPerez Staircase
(GPYS)) is as accurate as

Method of Constant Stimuli

(MOCS), and GPS is more

repeatable and less time

consuming
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Psychophysical

Aut hor ga) 0 9

Year Author(s) method and o
. finding(s)
instrument
Ascending method of o
o Age, gender and iris color a
limits o
Henderson L, et not predicting factors for
2005 Method of constant ) )
al1?t o - corneal mechanical, chemic
stimuli; Modified o
and thermal sensitivity
Belmonte
_ Ascending method off, Corneal and conjunctival
Feng Y, Simpson o -
2005 127 limits; Modified sensory channels are not
Belmonte independent
Patients with dry eye
exhibited corneal
hypoesthesia after
Method of levels; .
. mechanical, thermal, and
2005 Bourcier T et al?8 Belmonte . . o
_ chemical stimulationvhich
esthesiometer _
might berelated to damage
to the corneal sensory
innervation
_ No sensitivity change on th
Descending method g _
2006 Chang ¥#° cornea after strabismus

limits; C-B

surgery butonjunctiva
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Year

Author(s)

Psychophysical
method and

instrument

Aut hor ga) 0 9
finding(s)

2006

Stapleton F et
al .130

Unequal staircase

technique (Garcia
Perez Staircase

(GPS)); Belmonte

esthesiometer

associated with a mechanic

surgery; chemical sensitivity

Nerve morphology was

threshold after LASIK

appeared to be unaffecteq
after LASIK

2006

Acosta M et al3!

Method of levels;
modified Belmonte

thresholds to mechanical ar

Corneal and conjunctival

chemical stimuli increased

with age. Premenopausal
women were more sensitiv
to corneal stimulation than

men of similar ages

2007

Situ P et al*?

Ascending method of|
limits and constant
stimuli; Modified

Belmonte

Sensitivity across cornea
only varied slightly and
different from what was

reported with CocheBonnet

2008

Golebiowski B,

Stapleton B¢

Unequal staircase

technique (Garcia
Perez Staircase

(GPS)); Belmonte
esthesiometer

Females are more sdinge
than males on both corneg
and conjunctiva; increase @
corneal sensitivity with age

in female subjects
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Psychophysical

Aut hor ga) 0 9

Year Author(s) method and o
. finding(s)
instrument
non-standard The mechanical detection
_ psychophysical threshold was low in the
2008 Tuisku | et aft33 B _ _ A
method;modified primarySj ogr eno
Belmonte compared to normal
Noxious mechanical and
chemical stimuli evoked
. significanttear secretion.
Ascending method of .
. _ o Central mechanical cornea
Situ P, Simpson limits and scaled _ o
2010 _ _ stimulation s the most
T34 stimulus presentation _ _ -
» effective stimulugposition
Modified Belmonte -
pairing and appears to be tt
major sensory driving force
for reflex tear secretion
Corneal sensitivity change
. in adapted lens wearer whe
Ascending method of _
. o -~ lenses were refit after a ho
2010 Situ P et al®® limits; modified . .
lens interval and during len
Belmonte ] _
wear with different care
regimens
Both mechanical and cold
Ascending method off  receptors on the human
2010 Chen J et ai® limits; modified cornea show adaptation tq

Belmonte

repeated suprathresia

stimuli
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Psychophysical

Aut hor ga) 0 9

Year Author(s) method and o
. finding(s)
instrument
. Corneal sensitivity in eyes
Method of minimum _ N
_ with HSV keratitis had
2010 Gallar J et at?’ stimulus; Belmonte _
_ mechanical forces and heg
esthesiometer o , .
significantly impaired
Adaptation was found to
_ Ascending method of| suprathreshold mechanica
Chen J, Simpson o ) o )
2011 138 limits andrating; stimuli in the asymptomatic
modified Belmonte group but not in the
symptomatic group.
Ascending method of| o
) ) o _ No association between thg
Golebiowski B et limits and rating; o . _
2011 N sensitivities obtained with
al.”’ modified Belmonte _
two esthesiometers
and GB
No difference between the
Method of levels; eye and between the
2012 Teson M et at*® standard and new instruments. Men had
prototype Belmonte | significantly higher chemica,
thresholdghan women.
. | Differential sensitivity of the|
Detection (ascending
o ocular surface can be
Basuthkar S, method of limits) and
2014 measured and

Simpson T4°

difference thresholds;
Modified Belmonte

holds for corneal nociceptiv

sensoryprocessing

26



Psychophysical

Aut hor ga) 0 9

Year Author(s) method and o
. finding(s)
instrument
Navascues _ The marginal conjunctiva
Ascending method of| -
2014 Cornago M et o was the most sensitive of a
limits; C-B _ _ )
all4 the conjunctival regions
Ascending method of| Calibration and ngeatability
2015 Situ P et al*? limits; Modified were performed. Repeatab
Belmonte (Indiana) cool stimuli thresholds
Repeatability was good at th
. central cornea on the sam
Ascending method of]
2015 Chao C et at®® o day and amonths apart. Not
limits; C-B _ ]
repeatable for conjunctival
thresholds
CL wearers with higher
corneal sensitivity to
] . Method of levels, ) ) _
Martin-Montariez mechanical stimulation
2015 Belmonte
V et all4 _ reported more endf-day
esthesiometer . .
dryness with habitual CL
wear.
A doseresponse relationshi
Not indicated; between increased surface
2015 Wu Z et al**®

Modified Belmonte

stimulation and blinking in

healthy subjects

27



Psychophysical

Aut hor ga) 0 9

Year Author(s) method and o
. finding(s)
instrument
Mechanical detection and
Ascending method of| pain thresholds measured (
2016 Spierer O et &° limits; modified the cornea are correlated w
Belmonte dry eye symptoms and oculi
pain.
Corneal sensitivity for
Not mentioned clearly| blinking and pain evoked by
2016 Kaido M et al**® | A type of descending| increased stimuli was highe
methods probably; ® | in the symptomatic group
compared to normal
Significant interactions
Forcedchoice double | between corneal sensitivity
2016 NoschD et all#’
staircase; NCCA NIBUT, OST and blink
frequency
Theconjunctiva of the
Ascending method of|  stimulated eye becomes
2019 Alabi E, Simpson limits and scaled significantly redder than the

T148

stimulus presentation

Modified Belmonte

unstimulated eye for stimuly
types. The intensity is great

for chemical stimuli
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Psychophysical

Aut hor ga) 0 9

Year Author(s) method and o
. finding(s)
instrument
The intensity and coolness
_ rating to cool stimuli
Ascending method of| )
_ o . decreased following STARE
2019 Situ P et al*® limits; Modified . o
trials, while it increased for
Belmonte _ '
mechanical and chemical
stimuli
. No difference in the pupll
Ascending method of| _
. . o size between stimulated an
Alabi E; Simpson limits and scaled _
2020 _ _ unstimulateccontralateral
TS0 stimulus presentation _ _
» eye in mechanical and
Modified Belmonte _ )
chemical experiments
Corneal sensitivity and
Ascending method of] symptoms, but ndear
2020 Situ P et al™! limits; Modified meniscus heighincreased
Belmonte diurnally in symptomatic CL

wearers.

1.8 Psychological variables:

Non-sensory factors such #sar, anxiety, motivation, personality, depression;cefifidence

have been shown to affect or influence the decisions made during the perceptiorfubf pa

stimuli 889415218 Though not reported before, based on my experience of conducting

experiments using the pneumatic esthesiometersatap induce anxiety (and in some

participants even fear) perhaghge to the proximity of the esthesiometer zieor the nylon

filament, if using aC-B device), its sharpness (the delivery nozzle is a tiny sylikgeube)

and also the expectation of irritation and discomfort after stimulation. Therefore, | included
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measurements of anxiety. In addition to tineiaty measures, | also decided to evaluate the
general decisioimaking of the participants since the criterion in SDT provides experimental
decisionmaking.General decisioimaking was included, and the working hypothesis was that
there would be an assation between these decisioraking metrics and experimental
decisionmaking as reflected in SDT criteria outcomes. These associations have never been

explored before.
1.8.1 Anxiety:

Anxi ety is defined as the psychfoadeasgsuspense st at e
and distress is triggered by ambiguous circumstait@dsis a complex multidimensional
psychological state representing a series of interrelated cognitive, emotional, somatic, and
behavioral reaction° Though it is projected as agaive emotion, it is actually an adapted

defensive mechanism that motivates the individual to adapt to the environment and detect
potential threats to safeguard from potential bodily harm or psychological distress.
Unfortunately, the same safeguard mecsrancould misdirect the individual to work against

themself failing to perform the tasks that they intend2d.

Anxiety has been shown to influence the decisions made during pain measurenemntsay
be due to themygdalawhich plays a key role in emotional responses such as aremety
depression andlso an importantole in modulating theemotional component of pain
68,94,154,156,157,160.161parhaps  partly because of the anxieucing components of
esthesiometry and als@tause the painful stimuli are being delivemeaexperimentdhave

been conducted to evaludte effect of anxiety on ocular surface sensory processing.

Many instruments have been developed to psychometrically assess anxiety and | chose to use
the StateTrait Inventory for Cognitive and Somatic Anxiety (STICSA) questionnaire, an
extension of the Staf€rait Anxiety Inventory (STAI). Even though STAI has been widely

used in psychological research to measure anxiety compared to STICSA, | chose the STICSA

guestionnairdecausé addressed the limitations of STAI and was developed to measure both
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cognitive and somatic components of the state and trait artk#efif.In addition,related to
the experiments in this thesis, participants can experience bothiticegand somatic
components of anxiety due to the stimulus and instrument characteristics. | hypolthegis

state and trait aspects would vary differently as the experiment pregress

The STICSA questionnaire has 21 items for state and 21 iteniifocomponents and the
participants respond using gdint Likert scale for each item on the questionnaire (Appendix

B). The items in the questionnaire are the same for both state and trait components, however,
the participants are asked to respond thasethe general situation during the administration

of the trait questionnaire and based on that instance during the administration of the state
guestionnaire. The questions are then categorized based on cognitive and somatic components
while scoring andhe total score for each component is calculated for both state and trait.

1.8.2 Decisionrmaking:

Janis and Mani* %8 suggested that decisionaking is not a simple process of following
certain predetermined stages but suggested seven criteria to evaluataker highquality

deci si ons. Thel Jorowhly canvas & wide iraage af mleemativié courses

of action, 2. Survey the full range of objectives to be fulfilled and the values implicated by the
choice, 3. Carefully weigh whatever is knowbout the costs and risks of negative
consequence, as well as the positive consequence, that could flow from each alternative, 4.
Intensively search for new information relevant to further evaluation of the alternatives, 5.
Correctly assimilate and take eaunt of any new information or expert judgment to which one

is exposed, even when the information or judgment does not support the course of action
initially preferred, 6. Reexamine the positive and negative consequences of all known
alternatives, inclughg those originally regarded as unacceptable, before making a final
choice, and 7. Make detailed provisions for implementing or executing the chosen course of
action, with special attention to contingency plans that might be required if various risks were

to materializé. They also emphasized that confidence has a huge role in the decakorg
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process and time pressure and pessimistic feeling causes individuals to not follow all the

decisionmaking criteria.

Decisionmaking is a common term that hask®/ interpretation as well as somewhat variable
interpretation in the disciplines in which the task is measured. For example, within
psychophysics it would typically refer to a choice about a sensory*éyemt its detection)
whereas in marketing it ming refer to how many clicks occur when browsing a webi{§dge

The most common portrayal of decisipraking is one that interprets the action as a rational
choice!’@172 |n experiments examiningedision making as an outcome, typically, the main
goal is tostudy the choices made in different scenarios (how a scenario influences a
decision)*>173180The SDT decision characteristics are in the form of biases that are specific
to the human experimental condition, particularly when participants are undermpsessure

to provide correct responses. This of course is true for the psychophysical experiments
described in this thesis. A decistamaking questionnaire designed to evaluate how individuals
approach different scenarios, was compared to bias metriggdiéom the decisions made

in psychophysical experiments of signal detectldmypothesized that the general decision
making described by Janis and M&ii% and those occurring in my psychophysical
experiments in this thesis would be associatedchcern, within the pertinent chapter in this
thesis, is what are the influences of the dimensions of general dewialong (derived using

a standardized instruméff) on the sensory decisions (that is how to do the associations vary).
The Melbourne deasion-making questionnaire was chosen and it provides scores for four

decisionmaking categories: vigilance, buplassing, hypervigilance, and procrastinafith.

In summary, the main aim of the thesis is to measure the detégtabd criteria of different
pneumatic stimuli and to compare the SDT metrics between different gloupddition to
the psychophysical measurements, anxiety and general degiakingareto be evaluated

and to analyze the relationship betwgsgchological and psychophysical measures.
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Chapter 2 was published as follows:

A New Method to Calibrate the Carbon Dioxide (Chemical) Stimuli of Pneumatic

Esthesiometer Externally
Varadharajan Jayakumar, Trexftl L. Simpson

Translational Vision Science & Technology 2019;8(5):4

Jayakumar Simpson
Experimental design Y Y
Data collection Y -
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International (CC BY-NC-ND 4.0) license (https://creativecommons.org/licensestby

nd/4.0/) andhe formatting is changed to follow the format of this thesis

33



2.1 Introduction:

Esthesiometers have been used imeding the sensitivity of various sensory systems
such as skin, particularly for measuring the touch sensitivity/ pain sensitivity, each of which
depends on the amount of pressure applied on the surface of ihteilestother sensory
systems, the senisiity of the ocular surface has also been measured using esthesidiiéters.
Von Frey? developed the horsehair based esthesiometer to measure the mechanical sensitivity
of the ocular surffacThe esthesi ometerodos filaments are o
exert a precalibrated amount of pressure on the ocular suffatee fundamera principle of
stimulating mechanical sensitivity with a filament proposed by Von Frey was widely accepted
and many versions of the esthesiometers were developed to quantify corneal sensitivity; in
ophthalmic research, perhaps the most significant of tierthe CocheBonnet (CB)
esthesiometer that is used clinically as well as in research sétlifgfst>However, the
filament stimuli are unidimensional, as they measure the mechanical sensitivity of a localized
area with a narrow dynamic range ofratius intensity. Other limitations that have been
documented include perceptible filament producing an anxious response when brought closer
to the eye¥ and a variable/inconsistent pressure was being applied to the ocular surface due
to the bending of thilament31"18Even though a number of devices were developed with the
limitations of the CB esthesiometer addredgédi>? clinically, CB esthesiometer is still the
most frequently used esthesiometer. Other esthesiometers have been developasute m
corneal sensitivity, 3iinmfcrlaurdei dn gh eLaetl eed a¥hidr Véetdidne
esthesiometer with a b'feteardneechanical esthesiometesand f ac e,
Tanel i an an Heat®esalirerjem and there hasrba report of C@laser ocular

surface esthesiomett.

Based on the reports of cutaneous pol ymoda
stimuli, such as acetic a%%%decordeddhe sirgle snti ci n,
electrical activity 6 cat and rabbit corneas by using the same chemical stimuli and developed

a pneumatic esthesiometer humanparticipants. C@has been identified as an ideal stimulus
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for the human ocular surface chemical sensitivity experiments because of the sustained
reduction in the pH of the ocular surface, unlike a buffered response obtained by an acetic acid
stimulus® In a number of studies, corneal chemoreception using then@® measured and
illustrated, perhaps, the importance of measuring chemical sensifi#y What emerged

over a series of corneal physiological and psychophysical experiments was the demonstration
of the utility of a pneumatic esthesiometer capable of measuring responses to mechanical,
chemical and thermal stimulation, and linking hy@stss were developed and empirically
supported that in humans there are channels siuittilar attributes to the neural behavior
reported in rabbit and cat cornég8:25-303!Also, the experiments demonstrated that in animals
(mainly cat and rabbit, ingily), polymodal nociceptors were found to form a majority (about
70%) of corneal receptors, with mechanonociceptors (20%) and cold receptors (10%) forming
the remaining corneal receptor populatiérit was hypothesized that these polymodal
subgroups formthe main peripheral sensory input from the cornea for the detection of

nociceptive chemical, thermal, and mechanical stifilf3

There are different versions of pneumatic esthesiometers described in the
literaturg®242527.387 || of which werea st om bui lt or modified Ve
design that delivers air/GQo the ocular surface. There are few reports on the calibration of
the flow rate and temperature of the pneumatic stinfditi'® However, and perhaps because
of technical issueghere are no reports on the calibration ofGtimulus of the pneumatic
esthesiometelt*2 The CQ is controlled and calibrated internally either in the control box
where the gas mixing occurs or at the nozzle with a clsguitube sampling C&ensos 242°
Even though the Cfis internally calibrated, the %CQOn the stimulus is unknown/not
calibrated when it reaches the ocular surface (the place at which the pneumatic stimulus
actually operates). The gases are not restricted to a closed colursa gredstimulus has to
interacts with the air in the environment between the nozzle and the ocular surface. The

physical chemistryat the level of ocular surfaceill be different from the tip of the
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esthesiometer, but it is unclear how much ohb@Qetaned by the possible laminar flow (or

otherwise) within the stimulus colunif.

Previously, the only way to measure %{0@the stimulus externally was to use solid
electrolyte sensors which were typically difficult to use and have long and short term drift
effects, making the measurements less reliable over*fiRecent advancements in the £0
sensors have made them moeéable to measure at ambient conditions and offers wider
concentration detection range. These are stte nondispersive infrared (NDIR) sensors that
are portable sensors that use a-fmwer infrared lightemitting diode and detector to estimate
the CO; levels?® Because these sensors have not been used previously for the calibration of
esthesiometer stimulus, in this work, we initially determined the feasibility of using the sensor
for calibration of the esthesiometer stimulus and then calibrage@@h stimuli at different

concentrations, flow rate, and working distances.
2.2 Materials and methods:
2.2.1 Waterloo modified Belmonteesthesiometer:

The construction of the Belmonte esthesiometer has been discussed in detail by
Belmonte et al?*. The essentiastomponents of an esthesiometer are the gas inputs, control
box, and nozzle. The gas inputs to the control box are regulated at 5psi from both the medical
air and CQ cylinders. The control box houses the electronic controls for manual input and
flow meterg gas mixers to prepare the stimulus. Our esthesiometer (Waterloo version) has
been extensively modified to include automation of flow control, mixing, and stimulus delivery
(as well as the audio prompts and subject data collecfig)re2.1 andFigure2.2). 4* The
stimulus is delivered through the nozzle mounted on an adjustable mount, controlling x, y, z
position, and yaw. The tip/nozzle of the esthesiometer was wrapped with a coil thermostat to
control the temperature of the stimulus deliveredyre 2.1 and Figure 2.2). A calibrated
camera viewing systm mounted on the side of the esthesiometer allows the examiner to

position the tip at the desired working distance and partly control/monitor the stimulus
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orthogonality relative to the ocular surface. To create a chemical stimulus, the flowmeters in
the ontrol box regulate the mix of medical air andQ®a specified concentration and flow

rate. The manual/automated inputs provided to create a stimulus include the flow rate
(mL/min), nominal CQconcentration (%; 0% in case of mechanical and cold stshand
duration of the stimulus (seconds). The temperature of the stimulus is maintained throughout
the experi ment at either 50 (transl ating
mechanical and chemical stimulation) or room temperature for teswmulus. The nominal
concentration is the %CQet by the observer/software for a given flow rate that would occur

at the tip of the esthesiometer when the stimulus is presented.

Figure 2.1: (A) Setup of modified Belmonte esthesiometer and COZIR CM041 CO2 sensor; and (B) tr

esthesiometer setup with the control box and calibrated viewing system.

2.2.2 Carbon dioxide sensor:

A portable CQ sensor (COZIR CM041) from CO2Meter.com was useéigure
2.3).° (According to the manufacturer, the CO2 sensor {@M1) has been discontinued. The
GC-0016"is the recommended replacement for the-QD41, as both the models use the same
COZIR 100% CQ@sensor.) This compact, low power, diffusion sampling sensor uses NDIR

technology with goleplated optics to measure ambient Q&0Oncentration. The mearement
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chamber is covered by a 100% &£@ermeable membrane for the €@olecules to enter the
chamber. The information reviewed before choosing this particular type of sensor was its
accuracy, sampling rate, optimal operating condition, and the alailtigtect concentration

from 0 to 100%. The COZIR CNI041 sensor detects %efiom 0 to 100% with an accuracy

of £ 70 ppm or £ 5% of the reading at a sampling rate of 2 Hz. Also, the optimal operating
condition for this sensor was between 0 to 50°C/ roonpé&ature and atmospheric pressures
between 950 mBar and 10 Bar. It could be used for an instantaneous measure @i ¥%6CO
fixed interval measure with the intereasurement timing ranging from every second to every
30 minutes. The session data contajrtime time and concentration (ppm) could be exported

to a spreadsheet using the supplied data logger software. The sensor-eab@Eed when
purchased, and before each experimental session, the initial measurement of ambient room
%CQO was 1300 + 100 pm (average of 3 trials). In addition, as is reported later, when the
stimulus was set to deliver 100% &&nhd the sensor was at the tip of the esthesiometer, it

consistently reported 100% GO
2.2.3 CO2 sensor design:

The sensor design as explained in the mamut u r e r € EBhe QQZIR seador.uses
an infrared LED light source and a detectig(ire2.3C)*that is mounted on the bridgeboard
facing the gdl plated parabolic reflector at the bottdfgure2.3D). The active measurement
area is the area between the bridgeboard and reflector. The ldpBregted at 463 mas this
wavelength is similar to the absorption spectra of.d@e infrared light from the LED passes
through the gas in the active area and reflects back to the detector by the reflector. The amount
of light reaching the detector demsnon the concentration of the €i@side the active area,
and the rate of absorption or the proportion of light reaching the detector is used in the

calculation of the %Cgat a given moment.
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Figure 2.2: The Waterloo modified Belmonte esthesiometer (adapted from the thesis of Sifu

2.2.4 Experimental setup:

The sensor was removed from its original plastic enclosugeie2.3B) and mounted
on the chin rest by using metal clamps for easier positioning of the sensor orthogonal to the tip
of the esthesiometeiFigure 2.1A). A calibrated measuring scale was used to adjust the
working distance between the tip of the esthesiometer and front face of the $eggm (
2.1B). The air vents in the room were partially blocked, and the room doors were closed to
avoid air draft affecting the flow of the jet between the tip and sensor. The room setup was
similar tothe experiments with human participants performed in the lab. Due to the stimulus
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dimension and low flow rates used in the experiment, the stimulus duration for the trials was
99.9 seconds each (maximum time of the device) allowing the active areadtugetiesl with

the stimulus being presented. The working distance, flow rate, and nominal concentrations
were changed systematically according to the experiment. The #€i@e the active area of

the sensor was logged every second. Between each trigathibg time of 2 minutes was

used to allow the concentrations inside the chamber to return to ambient conditions. Each trial
was repeated three times to measure repeatability. The concentration was measured at room

temperature.

Gold reflector

LED Source  FO Detector

Figure 2.3 (A): COZIR CM -0041 portable carbon dioxide sensof® (adapted with permission from
CO2Meter.com (Appendix B)) (B) COz sensor without the protective case; (C) the bridgeboard containit
LED source and detector to measur CO; concentration (reference 43 ,included using creative commc
attribution license 4.0); and (D) Schematic representation of the measurement chamber of the €€&nso
and COz detection mechanism (source: adapted from reference 43 using creative commaisibution

license 4.0).
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Figure 2.4: Location of area tested on the surface of the sensor indicated with the labels; C, center; L, |
R, right; T, top; B, bottom.
Experiment 1: Identifying an optimal location on thesurface of the sensor to deliver

corneal pneumatic stimuli

The diameter of the front face of the sensor is larger than the esthesiometer tip (stimulus
column) as well as the active measurement areaeirsiel sensor. Because the sensor is
designed to detect ambient conditions, it was unclear what effect it would have on the detection
of the %CQin the stimulus column. As seenkigure2.3B, the front face of the sensor with
a bridgeboard (black shadow in the middle) obscures the entry of the stimulus into the sensor.
Therefore, the tip of the esthesiometer was placed at five different locations surfiice of
the collector (no loss in the G and a stimulus of 100% G@t 100 mL/min flow rate was
delivered directly to the active area. The locations were center, left, right, top and bottom half

of the sensor surfac€ifure2.4).

Experiment 2: Effect of flow rate andworking distance for amaximum nominal CO:2

concentration

This experiment was conducted to determine the concentration at the ocular surface

plane with a constant stimulus concentration of 100%, and the flow rate variedbata®d
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10- mm working distances. The flow rates used were 50, 100, 150 and 200 mdahithe

flow rates were increased methodically from lowest to highest at each working distance.

Experiment 3: Estimation of %CO2 reaching theocular surface at smaller intervals of

flow rate andconcentrations

In this experiment, all three components welanged to obtain their respective
observed %C® The flow rate and concentration were varied in smaller steps at 3
predetermined working distances similar to experiment 2. The flow rates used were between
20 mL/min and 100 mL/min in 20 mL/min steps, wéas the concentrations were from 0 to
100% in 20% steps.

2.2.5 Data analysis:

The maximum concentration achieved within each trial was extracted and used in the
analysis. The data were analyzed using R statistics (version*8#.3 studio (vesion
1.1.383. Linear model s we rPandthb testetest epgbatabiity wagg il me 4
obtained usi“fy dherplpaskawgee pPamdutedwplsotng

packages of R statistics.
2.3Results:
2.3.1 Determining the feasibility and thelocation of stimulus delivery:

The feasibility was evaluated by delivering a 100% Gtnulus at a flow rate of 100
mL/min directly to the surface of the sensor. When delivered, the stimuli could still fill the
active area with 100% CQvhen the tip was orthagally positioned right against the surface
in the top and bottom quadrants of the sensor. Even though the diameter of the esthesiometer
tip/stimulus was smaller than the diameter of the collector, the stimulus could still saturate the
chamber with 100% C#£)validating the use of the sensor in calibration. At locations other than
the top and bottom quadrants, the observed %€&zhed only 30% for a 100 %E&8&imulus,
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indicating a larger loss in the G@aching the active area. As discussed in the cotistnumf

the sensor, the presence of bridgeboard may have (where the photodiode detector and LED are
located) restricted/limited the G@nolecules from entering the chamber, resulting in lower
observed concentration. Because the @0lecules tend to risehvenreleased, thetimuli for

the experiments were delivered to the bottom half of the sensor for natural circulatiop of CO

inside the active area of the sensor.
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Figure 2.5: The observed concentration wa plotted against the flow rate of the stimuli delivered with

concentration of 100% CQ. The colored lines indicate the working distance (distance between the ser
and esthesiometer tip) used in the trial.
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2.3.2 Determining the observed CQ:

Theexperiment with a fixed concentration (100%Arénd a variable flow rate showed
a progressive increase in the observed %@ith increasing flow rates, but the observed
%CO, were relatively low at larger working distances compared-tan8 working distance
(Figure2.5). The %CQ were strongest when the sensor was positioned 3 mm away from the
tip, whereas the lowest was observed at 10mm. A maximum mivaten of 87.2% was
obtained for a stimulus with the flow rate of 200 mL/min at 3mm. Compared to low flow rates
that had a linear increase in the %C@Me amount of C@reaching the active measurement
area lessened or plateaued at the strongest flogs rgdt50 and 200 mL/min) of the
esthesiometer. In the subsequent experiment with the concentrations measured for flow rates
within the usual test range and nominal %Gét at smaller steps, the rate of increase in the
observed %C®@®corresponding to the nanal %CQ was lower when the flow rates were
lower and the sensor was positioned farther from the esthesiometer tip. There was a progressive
increase in the variability of the observed %@@tween flow rates with increasing nominal
concentration resultingh a fanlike distribution of values at each working distanEg(re
2.6). Both flow rate of the stimulus and working distance were found to be sajtific
important factors¥ < 0.001) to determine the observed %C€xnching the ocular surface/
sensor. Because the testest repeatability of each stimulus intensity was high with zero or
small standard deviations for each mean (intraclass correlatieificeent [ICC] = 1), a
nomogram was created using the average values so that the&@6th® ocular surface plane
could be obtained based on the nominal concentration, working distance, and flovalége (
2-1).
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Figure 2.6: The observed concentration was plotted against nominal concentration. The linear fits we

plotted for each working distance and flow rate.
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Nominal %CO2
(Fr:f’LV,”r{,f‘,f)e D'(f;ar:)ce 20 40 60 80 100
3 7.32 7.64 8.44 9.77 12.66
20 5 6.62 7.23 7.61 8.39 10.93
10 5.18 5.96 6.78 752 8.67
3 8.8 11.06 13 1588 | 22.75
40 5 8.1 10.44 116 1358 | 18.88
10 6.51 8.7 9.92 1207 | 1415
3 1045 | 1364 | 1685 | 2402 | 3337
60 5 9.46 12.71 15.1 19.4 28.58
10 7.75 1045 | 1303 | 1573 20.3
3 11.01 16.1 2193 | 3L73 | 46.02
80 5 1121 | 1486 | 1929 | 2622 | 3811
10 8.94 12.65 15.6 2058 | 26.88
3 1309 | 1894 | 2687 | 4041 | 57.02
100 5 1238 | 17.23 234 3322 | 4843
10 9.2 1414 | 1867 | 2527 | 3505

Table 2-1: Nomogram to obtain observedconcentration at the ocular surface plane for a given nominal

concentration, flow rate, andworking distance.
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2.4 Discussion:

Pneumatic esthesiometry is currently the only way to examine chemo nociception on
the human ocular surface. These experiments are moretinseming than other pneumatic
esthesiometry experimenbecause of the necessity to remove the gas from the previous trials.
There is currently only one esthesiometer specifically designed with a vacuum component to
do this without slowing down the experimentfaand its CQ characteristics have also not hee
experimentally determined. In this study, we examined the feasibility of using a relatively
inexpensive portable GGsensor to calibrate the chemical (§@timuli of our pneumatic
esthesiometer at the ocular surface plaie research question arosedese, perhaps, the
CO stimuli were internally calibrated, and the composition of the stimulus is unknown when
it reaches the ocular surfad®ecause the stimulus released from the esthesiometer interacts
with the environment before reaching the areatarest, calibrating the stimulus at the ocular

surface would help in improving the experimental design to measure chemical sensitivity.
2.4.1 Feasibility:

The feasibility was primarily tested because the column of gas produced by the
esthesiometer was limitgdiameter at the nozzle tip is 0.5mm) and in our esthesiometer, the
stimulus column (from the nozzle tip to the ocular surface) was 5 mm long, whereas the front
face of the collector was 20mm in diameter. It was unclear that thent@@suring device
would be able to reliably detect/measure the gas within the limits of the gas column, and in
addition, if it were able to, what would be the characteristics of the column (or at least the
characteristics of COwithin the column) determined by the sensor. Catibn of the
esthesiometer using the sensor seemed generally viable based on the results obtained for both
medical air (0% Cg) and 100% Cestimuli. The CQ measurements were accurate (based on
readings with zero added and 100% @0lumns) and repeatableven though there was a

mismatch between the sensor output and nominal stimulus specifications.
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3 mm 5mm 10 mm

Flow rate _ _ .
. Equation r2 Equation r2 Equation r2
(mL/min)

20 6.07 + 0.073*x| 0.997| 5.3 +0.0713*x| 0.998| 4.2 + 0.0547 *x| 0.977

40 5.12 +0.139*x | 0.998| 4.93 + 0.125*x | 0.996| 3.91+ 0.107*x | 0.992

60 4.07 + 0.224*x| 0.998| 3.75+ 0.195*x | 0.999| 3.51 + 0.153*x| 0.997

80 2.84 + 0.364*x| 0.993| 2.69 + 0.295*x | 0.993| 2.99 + 0.221*x| 0.999

100 2.87 + 0.532*x| 0.995| 2.4 +0.448*x | 0.995| 2.16 + 0.317*x| 0.995

Table 2-2: Linear regressionequations to calculate observed concentration based onflow rate, working

distance andempirical concentration (x)

2.4.2 Relationship betweenconcentration, flow rate, andworking distance:

A linear relationship was observed between nominal and observed concentrations for
flow rates up to 100 mL/min depending on the working distaRagu(e 2.5 & Figure 2.6).
There was a reduction in the observed %@tChigh flow ratesKigure2.5), which might be
due to the turbulence in the stimulus or disruption in the laminar flow of the stimulus allowing
the CQ to diffuse out of the stimulus column. The decrease in the 28@®nore pronounced
when the sensor was placed away from the esthesiometer. Of course, the interaction between
the stimulus akcolumn and surrounding air is to be expected and has been shown using
Schlieren imaging of the mechanical stimulus, which showedlembe fringes at higher flow
ratest® From our perspective when using pneumatic esthesiometry to measure psychophysical
sensory performance, fortunately, the flow rate for chemoreception trials would never be more

than 100mL/min in our experiments. To nmmze the mechanical sensory effect while
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measuring chemical thresholds, the flow rate of the stimulus would always be set at half of the
mechanical (flow) thresholds and the maximum flow rate for the Waterloo modified
esthesiometer is 200mL/min. Althougdirere were suggestions that the relationships can be
more complicated with some ndinearities at higher flow rates, both of these attributes (the
gener al Asi mple relationshipso as well as
importance of nderstanding how the air column behaves to understand the sensory attributes
of the tissue being examined when doing pneumatic esthesiometry, in our instance, of the

ocular surface.
2.4.3 Repeatability:

The study by Teson et.2afound that the chemical thresids were the least repeatable
thresholds among the corneal sensory measurements, with a variability of 18.06% and ICC of
0.49. This is the only study that measured repeatability of the chemical threshold. Many
internal and external factors have been fouadvary the ocular surface sensitivify.
Calibration could be a factor that is closely related to the stimulus characteristics for the
variability in the sensation perceived by the participants. In our study, we found that the
chemical stimuli itself isepeatable (ICC=1) considering the flow rate and working distance
remain constant between the trials. When the flow rates were increased, there was an increase
in the observed concentration at the ocular surface plane even though the concentration
deliveral remained sameF{gure 2.5). This phenomenon was easily noticeable at higher
nominal concentrations, and a similar phenomenon was observed with itiegadistance
which was discussed earlier. In a human ocular sensitivity experiment, the working distance
will remain constant among all participants, but the flow rate is different between participants
based on the mechanical thresholds. There mightcbafaunding factor in the form of flow
rates that mayeducethe repeatability of the chemical thresholds in human participants. The
information on the difference in the flow rate of chemical stimuli were not available in the

study by Tesén et #l
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Figure 2.7 (A) The observed concentrations were plotted against the nondl concentrations and a linea
fit was added with flow rate and working distance as factors{B) The predicted values were plotted again
the observed concentrations in the scatter plot. The %C®was predicted using the linear equatio
annotated in the figure and compared with the observed concentration from the sensor. Ideally, all poit
would be on the y=x function (dotted line).

2.4.4 Complexity of regression models:

One of the aims of this study was to create a regression model that predicts the observed
concentration based on the nominal concentration, flow rate, and working distance. Mixed
modeling and nonlinear multiple regression models were attempted to create the expected
models. Partly due to very poorly behaved error distributions antikamistibution of
observed values, the predictability of the models was poor especially at higher concentrations
(Figure2.7). Because of the residual errasgnple linear regression lines were fitted to data
for each flow rate at each working distance. Feguare for all the linear regression lines were
more than 0.95, indicating good fikgble2-2).
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2.5 Limitations:

Even though we were able to calibrate the chemical stimuli, there is still an inability to
measure the %COn the stimulus column instantly, and the temperature of the stimulus was
also not samas the one used in a regular experiment. The inability for an instantaneous
measure of concentration in the stimulus column might be due to the size of the measurement
chamber and diffusion model of the sensor. In this study, we overcame the limitation by
delivering the stimulus for an extended period to saturate the measurement chamber with the
stimulus presented, and the maximum concentration attained within the trial was used as the
observed concentration. The saturation of the gas inside the chamliber mamitored in the
reattime graph of the data logger software provided. As soon as the chemical stimulus was on,
the observed %Cfncreased sharply from the baseline (ambient level) until it plateaued or
slowed the increase in the concentration witheti The plateauing was apparent at high flow
rates and closer working distance. The plateau indicated the saturation of ther&@&xhe
chamber and there was no evidence ob @@dling inside the chamber, as the %Garted
dropping instantaneously after the stimulus was off. The %&Xe the chamber returned to

ambient levels within half a minute from the stimulus was off.

In this study, the temperature of the stimulus was not the same as the one for human
ocula surface chemoreception experiments because the NDIR sensor used in this experiment
uses infrared LED to detect the concentration. A change in the temperature of the stimulus
might affect the performance of the sensor as well as the temperature ofmihiesauld,
themselves, require additional calibrations. The 50°C temperature at the nozzle is designed
explicitly for a stimulus delivered from arim working distance (as it translates to 33°C or
normal ocular surface temperature when it reaches tharaaufface) and it may not translate
to the ocular surface temperature at other working distances. As this calibration study explored
the effects (among others) atherworking distances to characterize the ®the stimulus,

altering the thermal gradiewould alter the sensor performance.
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The sensor setup in this manuscript does not exactly reflect a human ocular surface
experiment. The facial features like nose and deep eye socket might provide a more closed
environment affecting the air circulatiaand altering the dispersion of the £€@om and
surrounding air into the stimulus air column. In addition, body temperature and the thermal
gradient surrounding the body might be expected to influence these flows, in addition to the
physical structure ofaicial features. We have previously shown that blocking the flow from
and into the column by using a tube (obviously) does affect the distribution of measuréd CO
there was an increase in the £@aching the sensor. This might better control the
concentation of the CQ@ but it cannot be implemented clinically because of the effect of the
tube on the cornea and eye lids. Future calibrations more accurately simulating the ocular
surface environment (including different brow and nose characteristics arseket depths
and ocular temperature) would provide information about the influences that these theoretical

variables would have over the stimulus air column.

2.6 Recommendations:

We would like to suggest a-ram working distance for ocular surface sensory
processing experiments with the pneumatic esthesiomidter particular working distance is
recommended because then® working distance is too close to the eye and the esthesiometer
tip will touch the eye lid/lashes, producing discomfort and false respoff®dm the
participants. On the other hand, longer working distances have the primary disadvantage of not
being able to provide sufficient GCOconcentrations at the eye to enable consistent
measurements of thresholds, and other experimentation alscegefjigher amounts of GO

delivery e.g., adaptation experimedts

2.7 Summary:

Calibration of the C@in the air column of a pneumatic esthesiometer is critical: There
is a systematic reduction in the %g®aching the ocular surface plane that depend okimgp
distance and flow rate. The measures ob @€re repeatable for all stimulus combinations. It

is evident that in pneumatic esthesiometers, ih@sessarnto standardize the chemical
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stimulus, as both working distance and flow rate could changertberda of CQ reaching the

ocular surface
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3.1 Introduction:

The corneal neural network has been assumed to be similar to the somatic pain network,
consisting of a complex netwopnf neurons with the nerve terminals on the corneal surface
detecting potentially noxious stimdl*t When a stimulus is detected, the impulses from the
corneal nerve terminals are transmitted to the brain (somatosensory cortex) through an afferent
trigemnal pathway and a reaction is elicited (among others) in the form of ocular surface
discomfort, pain, and tearing, hyperemia and pupillary dildtioithe corneal nerves have
been theorized to protect the corneal surface from the factors that can éaomtal integrity
and the nerves are bombarded continuously with multiple types of stiBinke there are no
electrophysiological studies conducted to evaluate human/primate corneaphgsiaogy,
the concepts have been adapted from the cat, miibjuinegig corneal neurophysiological
studies>® 1! Based on conduction velocities and presence of myelin sheath surrounding the
neuron, the corneal neurons have been classified into two types: a thinly myelinated fast
conduc t-iberg andA &n ungelinated slow conducting -fibers*"°1213 The
electrophysiological studies on cat and rabbit corneas have identified three functional types of
sensory nerve fibers present in the cornea
fibers3191114.15 The proportion of nerve fibers in the cornea have been found to vary
significantly between the different species and was approximately found to be approximately
70% of polymodal nociceptors, 20% mecharumiceptors, and 10% cold receptors in cat and
rabbit cornea$31%1"The cold thermaeceptors and polymodal nociceptors have shown to
conduct impulses through thefibers, whereas rapidly adapting low threshold mechano
sensitive n o cfibersefprt an rinstantaneoes respbnse to the eptie
stimuli.**>*5*®The sympathetic and parasympathetic innervations of approximatel$%0
have been identified using histochemical methods in the rabbit and cat corneas, but the
existence of these fibers monprimatecorneas have been suggesteddascarcé® The neure
physiology of the corneal sensory fibers have been mainly obtained on the cat corneas, with
some information from rabbit, guinea pig, and other rod&ht512! Since there is no
systematic neurophysiological examination on thieces of human corneal stimulations, the
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presence of receptors/channels in the human cornea has been evaluated psychophysically.
Feng and Simpséfhave identified multiple corneal psychophysical channels in the human
cornea and the detection of the lramtorneal and conjunctival stimuli have been shown to be
complex due to the interdependence of the components of the ocular surface sensory

processing system (both within and between the cornea and conjunctiva).

Generally, cold receptors are the raoxious thermoreceptors that detect a drop in the
temperature of the anterior ocular surface.
when the surface temperature dréf$3 The evaporation of the tear film has been found to be
a probable physiologal basis for the reduction in the surface temperature and as little as 0.1°C
downward change has been reported to alter the impulses from the cold recEptoree
polymodal nociceptors detect a wide range of noxious mechanical, chemical and thermal
stimuli, whereas the low threshold mecharoxiceptors detect only the noxious mechanical
forces®>?* The polymodal nociceptors have a higher mechanical threshold compared to the
mechanenociceptors and, in humans, polymodal nociceptors are hypothesizextitee the
stinging/burning  sensation, whereas mechaociceptors produce a sharp

discomfort/irritation8

The sensitivity of the ocular surface is usually measured with an esthesiometer, and
most commonly used clinical instrument is the Co@mnet esthesiometét, while the
pneumatic esthesiometer such as the Belmonte esthesiometer is frequently used in research
settings>'®2628 Traditionally, corneal sensitivity has been estimated using a classical
psychophysical technique such as the methdiinits, a method of constant stimuli or (more
recently) staircases stimdlt?2627.#82 The detection threshold (generally, the statistically
lowest stimulus intensity reliably detected by the particigdnkss frequently been used to
measureocular surface sensatidh?®-31-33¢ However, these thresholds have been found to
vary and often produced conflicting results when compared between §totfosith or
without dry eye disease (among othérd)3"*8The density of the corneal nervieas been
reported to be lower in participants with dry 8843 but conflicting results have been
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reported for corneal sensitivity in dry e$fe¥3” Feng and Simpséhhave shown as many as

five possible psychophysical channels in the human cohaate dependent on each other

for stimulus detection at the threshold level. Factors such as age, usage of contact lenses, eye
color, environmental factors, corneal eccentricity, and diurnal variations have been associated
with corneal sensitivity altetamns*4 48 Other aspects of ocular surface sensory processing that
has also been examined using pneumatic esthesiometry include adaptation to tHé& Stimuli
difference threshol@$and hypersensitivit{f>3°>4

Corneal detection thresholds have bedtely used as an estimator of corneal sensory
characteristics, but there is a possible drawback in the classical psychophysical methods used
in the measurement of threshofd®The observerds criterion, bo
varies during thegsychophysical test, may lead to bias in response to a stifddhBach
observer chooses their own decision criteria based on multiple factors that are available to them
at the time of the experiment including the previous experience, characteristibe of
instruction, frequency of the signal perceived and the intensity of the stifidliwhen the
stimulus is presented, iIif the result of the
response would be provided by the participant orefenao 6 woul d be provi de
psychophysics, the decision criterion is assumed to be fixed (and therefore cannot be assessed,
only the threshold is estimated). However, in an experiment, the participants might either
choose aliberaloraconservae cr i t eri on (being more I|ikely
Ayeso respectively) or also might change wit
in a classical method cannot be controlled (or evaluated), the threshold obtained is not
indppendent of bi as. The <criterion may <chang:
habituation, anticipation, or bofA> Non-sensory factors such as anxiety, personality, or
previous experiences have been reported to influence the criterion whilergdetieetpainful

stimuli 5861

The separation of sensory and decisiaking components of pain perception could
be obtained using a modern psychophysical method such as signal detection thedi¥§/fSDT).
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SDT has been used in the examination of responsdisetgainful stimuli since pain is

subjective and the perception of pain could \8#%"There are also reports that have
questioned the use of SDT in pain literattf® However, the utility of the SDT in somatic,

dental and other areas of pairrgeption has been demonstrated in several stotfés’

81687076 The sensory component of the pain perception is given by the detectab)iand

the decisional aspects are given by the criteipargd likelihood ratiosl ( r).@hed @rovides

the participantods ability to detect a stimulus
c on the decision axis defines the general tendency of the participants to respond yes/no to the

trials 82

Linking propositions, as explained by Tefferare usd in this study to understand the
relationship between the psychophysical data of human ocular surface sensitivity and the
electrophysiological studies on cat and rabbit corneas. In making these links in this paper, we
acknowledge the scientific tenuousseof relating primate human & conscious data being
related to primarily extracellular neural behavior measured in unconsciougrinaates.

Since, currently, these are the only corneal electrophysiological data, all we are able to do is

test specific linkng hypotheses attempting to account for our data based on these extant results.

In this paper, Bayesian analysis is used in analyzing the psychophysical data against
the linking propositions. Several studies have shown the effectiveness of using Begésian
analysis in place of the traditional frequentist model of null hypothesis significance testing
(NHST) because it allows the researchers to consider both null and alternate hypothesis while
interpreting the results in terms of the probability (in thistance) using the Bayes factor
(BF).84|'86

The main aim of this study is to test the utility of an SDT approach to abtarand
| ndf the suprda¢ hr eshol d corneal pneumatic stimul.i
applicability of different linking propositions based on ngmimate neurghysiology

experiments to the psychophysical data from the human cornea.
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3.2 Hypothesis:

1) The detection theory estimates of supimaeshold stimuli are different between the

stimulus types

3.2.1Restrictive hypothesis for Bayesian testing:

2)

3)

4)

If the human corneal sensory mechanism has a difference in the level of nociception,
then detection theory estimates of the nociceptive stimuli are different from the non
nociceptive stimuli

((Chemical = Mechanical) [ Cold)

If the human corneal sensory mechanism has a difference in the nerve conductance, the
detection theory westimates of t he mecha
different from the rest (unmyelinated C fibers)

((Chemical= Cold) I Mechanical)

If the detection of the stimulus is based only on the chemical composition of the
stimulus, then the detection theory estimates are different for chemical stimuli
compared to other stimuli

((Cold (ml/min) = Mechanigral (ml/min)) I

3.2.2The rationale for using restrictive hypotheses:

We have used the concept of linking propositions in this study to test the concepts from

the electrophysiological findings in ngmimate corneas against the human corneal

psychophysical data because the electrophygicdd studies cannot be performed in the

human corneas and the applicability of the theories from thgnorate corneas to the human

corneas are unknown. The linking hypotheses 2, 3, and 4 are tested against the general

alternative hypothesis of all trtimulus types being significantly different from each other.

Hypothesis 2 tests the nociception theory, as thepniomate studies have shown that
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nociceptive receptors detect the mechanical and chemical stimuli compared to cold stimuli by

the nonnocicepive cold receptor. Hypothesis 3 tests the nerve conductance theory, as studies
have shown the mechanical detection is prima
producing a sharp pain, whereas other stimuli are detected using slower conducting. C fibers
Hypothesis 4 evaluates the stimulus chemical composition, as some authors have questioned

the mechanical properties of pneumatic stimuli and have preferred using the cold stimuli in the

Omechanical 6 experiments.
3.3 Methods:
3.3.1Ethics statement:

This project was reviewed and approved by the University of Waterloo Office of
Research Ethics (OREL8252 and was conducted in accordance with the Declaration of

Helsinki. Informed consent was obtained from all the participants.
3.3.2Subjects and study protocol:

Experiments were conducted to measuredittea n d b -thfeshaduppeuraatic
corneal stimuli and the experiments were divided based on the type of the stimulus used.
Participants were recruited separately for each stimulus type using convenienlaggsiam
the graduate student community of the School of Optometry and Vision Science, University of
Waterloo. Participants had no history of any ocular surface abnormalities and were
asymptomatic at the time of study visit. Contact lens wearers wergeddvot to wear their
lenses on the day of the study visit. The ocular surface was screened uslampslit
biomicroscopy. The Waterloo Belmonte esthesiométeas used to deliver pneumatic stimuli
to the center of the corneal surfaEgglre3.1). After the end of each visit, the ocular surface

was evaluated using slamp biomicroscopy and fluorescein staining.
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Figure 3.1: The control box and alignment video camera setup of a Waterloo modified Belmor

pneumatic esthesiometer

3.3.3Esthesiometry:

The stimuli were presented using the Waterloo Belmonte esthesiometer and the
stimulus types used were mechahichemical and coltf:°1>?The mechanical stimulus was
medical air heated to 50°C (which translates to approximately 33°C at the ocular*$fifface
The 0 c ordoxdods) gtimutug was room temperature medical air that was estimated to
reduces the corneal surface temperaturg.83C8” The flow rate of the stimulus through the
nozzle was either increased or decreased to change the mechanical and cold stimulus intensity.
The mechanical threshold was always obtained before the chemical threshold estimate, as flow
rate for the chmical stimulus was set to half of the mechanical threshold to avoid any
mechani cal effect contaminating the partici
carbon dioxide proportion in the medical air (Y% @as systematically varied at a constant

flow rate (half mechanical threshold) to change the intensity of the chemical stimulation.
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Mechanical andold stimuli weredelivered for 3secondsind chemical stimuli were delivered

for 2-secondsParticipants received instructions read from a scripbrieeéach experiment.

Additional computeicontrolled tones demarcated the stimulus intervals indicating times

before and afteduringwhich participants could blink, and during which it waguestedhat

they not blink. An additional audio prompt was uskdling the chemical trials because the

previous stimulus air column had to be removed after each trial before the next chemical
stimulus was presented. During this interval, participants were explicitly instructed to keep

their eyes closed or to look dowa that their eyelids completely prevented the purged air from

stimulating their ocular surface. Each trial consisted of either a signal (stimulus) or a catch trial

(no stimulus). After each trial, parttdi coirpant s
ANo, there was no stimuluso using a button bo
of each experiment to respond based on the irritation (in the case of the mechanical stimulus),
stinging/ burning (chemi cfarlthg coln stimadus)oRarticipgntsii br e e z -
could blink freely between trials. The interal interval for mechanical & cold stimuli was
approximately 10 seconds; for chemical stimitlwas at least 30 seconds. The experiment

(audio prompts, stimuliintensise and presentation sequences) an
recordings were automated using the custom software. Breaks were provided at the halfway

mark of the experiment and when requested by the participants in an attempt to minimize the

fatigue.

Experiment 1: Detectability and bias of nonnociceptive suprathreshold pneumatic

corneal cold stimuli.

This experiment included two study visits and 9 out of 10 participants recruited were
able to complete both study visits. In each visit, thresholds measured twice using the
ascending method of limit&A\MOL) and averaged. The SDT trials were conducted following
the threshold experiment. There were 100 trials in each visit, but the stimulus probability was
0.4 or 40% (40% signal trials and 60% catahl$) in the first visit and 0.6 or 60% in the
second visit. A suprthreshold stimulus of the 1.5x threshold was used in the signal trials.
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Catch trials were randomly presented during the experiment and the audio prompts/
instructions for the catch trialgere the same as the signal trials, but no stimulus was presented
during the trial. The pr&DT instructions to the participants were the same for both the visits.

Experiment 2: Detectability of the nociceptive suprahreshold pneumatic corneal

stimuli.

Twenty participants (ten for each type of stimulus) were recruited. The nociceptive
stimuli used were mechanical and chemical 1.5x threshold stiandiweretested on two
separate study visitd=or the mechanical stimuli, the threshold wiesived initially by
averaging two AMOL estimates. For the chemical experiments, the mechanical thresholds
were measured first followed by the chemical thresholds (by increasing the @i
stimulus column with the flow rate at 50% of the mechaniaaistiold). Similar to cold SDT
experiment, the mechanical SDT experiment was conducted using a 1.5x threshold as the
stimulus. The chemical SDT experiment was conducted using a 1.5thf@dhold stimulus.

A stimulus probability of 40% was used in both theechanical and chemical SDT
experiments. There were 100 trials in the mechanical experiment, whereas only 50 trials were
presented in the chemical experiment. The reduction in the number of trials was primarily due

to longer interstimulus intervals needed prepare, deliver, and purge chemical stimuli.
3.4 Analysis:
3.4.1Signal detection theory analysis:

Theoretically, participants were required to separately identify the distribution of the
neuressensory effect when the st i edsdstribusonoféthe pr es
neuressensory effect when the styesmorésposseswers abse
compiled for each participant separately for each stimulus type, the hit rates (HR) (the

proportion of signal trials correctly identified assanal) and false alarm rates (FAR)
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(proportion of catch trial incorrectly identified as a signal) were calculated. Using the HR and

FAR, the detection theory estimates were calculated using the formula in excel spréddsheet.

Thed & the separation beegen the means of sign@l (HR) and noise distribution (z
(FAR)) in standard deviation units (Equation 1). Thé& a parametric estimate based on the
assumption of both signal and noise being Gaussian normal distributions praviéles the
nonparametic estimation of detectability. Bias is determined (among others) using the
criterion €) and likelihood ratio ff).3*°>"#2The location of theriterion on the decision axis
defines the general tendency of the participants to respond yes/no to the& leadsiterion is
effectively the distance between the neutral point (where there is no bias) and the location of
the criterion in standard deviation units (Eq

is the estimation of how likely the participd woul d respond fAyeso to ea

Q a0OY & 00'Y p
© T &'0Y & 0d'Y C
[ Ag8® a 00Y & 0OY o
Support for alternate hypothesi|
Bayes Factor (Bfo)
(Jeffreys)?
1-3 Anecdotal
3-10 Substantial
10-20 Strong
20-30 Strong
30-100 Very strong
100-150 Decisive
>150 Decisive

Table 3-1: Jeffreys interpretation of Bayes factor (BFo).

70



3.4.2Statistical data analysis:

The detection theory estimates for the csltnmuli from two different stimulus
probabilities were compared using the Bayesian paitest and the detection theory estimates
between three stimulus types were compared using the Bayesian analysis of variance. Also,
Bayesian correlations were usedital the relationship between the thresholds using AMOL
and the estimates of detection theory. Alongside Bayesian analysis, appropriate NHST
analyses were also conducted for comparison. R softiW¥neas used in the analysis: The
BayesianFirstAi®® R package was used to obtain Bayesian probabilities and higgresity
interval (HDI) estimates for paired-tést and correlations. The prior used by
ABayesianFirstAido package for Bayesi an p
distribution®°Bayesfactors were also estimated using the BayesFa®quackage for both
paired ttests and analyses of variance (ANOVAS). The prior distribution to calculate Bayes
factorwasanomn nf or mati ve Jeffreydéds prior on means
withrscale= a2/ 2 (or) 0. 707 8&iihe85%aiDIdbbtaingd ugirgdhe e f f e c
Bayesian estimation of posterior probabilities provides an estimate of the range of values
between which the highest probability density of the data lo€4sed the BF provides a ratio
of the probability of the data favoring one hypothesis relative to arfStiiée BF obtained
from the analysis were interpr efabed8l)®%Theh Jef f
BF is typically denoted by Bk (data in favor of the alternate hypothesis) osR&ata in favor
of the null hypothesis). The variance of the paired samples was tested using theSBmmett
test of scales for paired samples using the PairedData R p&éRameviolin plots (vioplot R
package) were used in place of regular boxplots as it provides distribution of the data along
with the boxplof* Multiple comparisons (restrictive hypothese8 &, 4) between the stimulus

types were tested by taking advantage of the BF analysis as explained by*Morey
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3.5Results:
3.5.1Thresholds:

Even though the main aim of te&udy was to evaluate the detection theory estimates,
to scale the stimulus relativelgross the participants, the threshold from the AMOL was used
as a baseline for the detection theory experiment. The average cold threshold (+ SE) for visit
1 and 2 were 27.43 + 3.79 and 31.14 £ 9.18 ml/min respectively. The Bayesian analysis of the
paireddifferences of the thresholds obtained between visits suggested a paired difference of
zero as a credible outcome (95% HE21.1 to 15.4) and a BFof 2.5 suggested the data were
also in favor of the null hypothesigigure 3.2A). The variance of the paired differences
between the visits was in the range of 9.04 to 1540 (mlfnFiyure 3.2B). The NHST
equivalent student paireetdst of the thresholds was not significantly different between the
visits (p = 0.62). The average thresholds (+ SE) for the mechanical and chemicdi stame
34.8 + 4.6 ml/ min @ 50°C and 20.8 + 3.7 %Q®@spectively. The threshold between the
stimulus types could not be compared due to the difference in the unit of measurement.

(A) Mean difference (B) .
(visit 1 - visit 2) venance
mean =-2.4 mean = 549
60.9%<0<39.1%
95% HDI 95% HDI
-21:1 15.4 9.04 1540
] T T | 1 [ T T T T T ]
-30 -20 -10 0 10 20 0 500 1000 2000 3000
Paired difference of the Variance of the
cold thresholds paired mean difference

Figure 3.2: The Bayesgan posterior distribution of paired differences of the thresholds between visits (

and variance of the paired threshold differences (B).
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3.5.2Detectability:

The average (N -Bresholdadd stimulus for theeexpsrimpnt sith
40% and 60% gtulus probabilities were 0.60 + 0.13 and 1.05 + 0.30 respectively. The
Bayesian paired comparison of tthe8uggested the data were in favor of the null hypothesis
by a factor (Blz) of 1.70 indicating a higher probability of obtaining zero differencéet6
between stimulus probabilities. The 95% HDI obtained from the posterior distribution of the
pairedd d@lifferences ranged froml.53 t00.675 andincluded zero paired difference as a
credible outcome Higure 3.3). The NHST paired studenttést also did not show any
significant difference = 0.29) between the @btained in each study visit. The variance of
thed @vas also compared between study visits. The B«Bwtr test of the paired sample
showed a significant difference (= 0.032) in the variance of thé detween stimulus
probabilities. The variability of the data was higher during the visit with 60% stimulus
probability, which was apparent from the violin pléigure 3.3B). Similar tothe NHST
variance analysis, the variance of the paired differences obtained using Bayesian analysis also
showed a larger variability in the posterior distribution with 95% HDI ranged from 0.198 to
5.52 square unitd={gure3.3B).

The averagel ©@f the noxious suprthreshold mechanical and chemical stimuli with
0.4 stimulus probability were 1.65 = 0.37 and 1.14 + 0.4, respectivgyre3.3). Thed of
all threestimulus types were compared using a Bayesiam@eANOVA. A factor (BRo)
of 1.55 indicated an anecdotal/mild favoring of the data towards the alternate hypothesis. The
restrictive hypotheses listed above were tested againsthgottuli hypothesis and alternative
hypothesis (even though, we observed slight favoring of alternate hypothesis). While testing
the restrictive hypothesis (#2) against the null hypothesis, the data favored the restrictive
hypothesis based on nociceptiortwa BFo of 1.98. When compared to the default alternate
hypothesis, the restrictive nociception hypothesis was mildly favored bye=BE27. The
restrictive hypothesis (#3) tested the difference irdtiimsed on the type of nerve fibefs {
vs. C) used by the receptors. Similar to the results of the hypothesis (#2), the data favored the
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difference in nerve fiber hypothesis compared to the null hypothesis{BR7) or the default

alternate hypothes{8Fi0= 1.21). Whereas, the data substantially favored the null hypothesis

and alternate hypothesis when compared against restrictive hypothesis (#4) based on the
chemical combination of the stimulus with&s of 2. 76 and 4.29 respe.
analsis using ANOVA showed no significant difference (F (2,26)= 3i25;0.06) between

thed of the stimulus types.

Mean difference )
o (visit 1 - visit 2) e Variance

mean = -0.456 mean =2.02

82.8% <0< 17.2%

95% HDI 95%; HDI

-1.53 | 0675 0.198 5.52
I T T T \ T \ T T \ T T 1
-20 15 10 -05 00 05 1.0 0 2 4 6 8 10
Paired difference of the Variance of the
d paired mean difference

Detectability (d")
10 15 20 25

0.5

0.0

I |
40% 60%

Stimulus probability

Figure 3.3: A) Histogram of the predicted posteriors using the default prior distribution for the paired
mean differences of detectabilityalong with the HDI. (B) The variance of the paired differences othe d
of cold stimuli between 2 stimulus probabilities. C) The boxplot (center) and density distribution (gre

shaded area) of the originabata represented using violin plots.
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Figure 3.4 : The d &f the suprathreshold stimuli at 40% stimulus probability for three stimulus types are
presented as boxplots in the middle of the violin plot. Thevhite dot in the middle of the box plot represents th
median with the edges of the box representing the quartiles. The outlines of the violin plepresent the kerne

density curves, i.e., the width of the shaded area represents the proportion of data located there.

3.5.3Bias estimates:

The average (+ SE) for the cold suprthreshold stimulus with an experiment stimulus
probability of 40% and 60% &ve 0.33 £ 0.09 and 0.54 + 0.13 respectively. The avérag®
(x SE) for the cold supfthreshold stimulus were 0.08 + 0.03 (40% stimulus probability) and
0.27 £ 0.11 (60%). The BEFfor ¢ (1.23) andl n(&.04) between stimulus probabilities,
anecdotally &vored the alternate hypothesis of the bias being marginally different between the
probabilities. Although the Bk for bias provided evidence of anecdotal favoring of the
alternate hypothesis, the Bayesian estimatiog {biDI: -0.51 to 0.09) anthb -1(16 to 0.27)

suggested zero paired difference between the probabilities as a credible pafame&s.5).
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An NHST paired-test of bias showed nogsiificant difference in the bias,(p =0.09 &l n b

p = 0.13). The variance of the paired sample using Bayesian (95% HDI) ranged from 0.015 to
0.41 forcand 0.095 to 2.31 fdr n Bhe difference in the variance of the bias compared using
BonnetSeier test showed no significant difference fordlfp = 0.95), whereas a significant

difference p < 0.001) was observed for thenbletween stimulus probabilities.

The average (+ SE) iterion with 40% stimulus probability for the mechanical,
chemical and cold stimuli were 0.58 + 0.097, 0.37 + 0.13 and 0.33 = 0.09 respectively. The
comparison oft between the stimulus types produced aoBF 1.08, suggesting the data
neither favored thaull nor the alternate hypothesis. Similardtg@ithe restrictive hypotheses
were tested against the null and alternative hypothesis for the bias estimates as w&lag he
anecdotally in favor of nociception (#2) and nerve fiber type (#3) restricyivethesis by a
BFi00f 1.19 and 1.7 respectively against the null hypothesis; 1.09 and 1.57 respectively against
the default alternate hypothesis. Thdid not support the hypothesis based on the chemical
composition hypothesis (#4) by a Ff 2.7 and 2D against null and alternate hypothesis
respectively. Thé natsoanecdotally favored the default alternate hypothesisotBE.278)
against the null hypothesis. Thenflvored the nerve conductance (#2) against the null
hypothesis with the Big of 2.32 Thel nféwvored the default alternate hypothesis or the null
hypothesis more than the first (B 1.08) or third (Bkw= 2.5) restrictive hypotheses. The
NHST oneway ANOVA of criterion showed no significant differenge £ 0.09) between
stimulus typesKigure3.6). A KruskalWallis rank sum test was performedlomvilues due
to the chemical and mechanical distribution being-nommal. Thel nweas significantly

different between the stimulus typgs< 0.03).
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Figure 3.6: Violin plot with boxplot in the middle of the violin plot. The violin plot representing the
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3.5.4Correlations:

A Bayesian Pearson correlation analysis was performed to obtain the relationship
between thresholds, &c andl nfdr each stimulus type. Mild to strong positive relationships
were observed between thergaeters. However, the Bayesian analysis found only a few
relationships that were supported by the daiguie3.7). Strong evidence (Bb= 44.02) was
found in favor of a positive association between the mechanical thresholds @hdhe
mechanical stimuli with a 95% HDI between 0.67 and 0.99. Strong evidenges (BE13)
was found in favor of a positive association between the mechanhi@abll nwith a 95%

HDI between 0.47 and 0.98. Substantial evidenca£BF.07) was observed in favor of a
positive relationship between the mechanical threshold amdith a 95% HDI between 0.33
and 0.97. Anecdotal evidence (BF 3.51) was observed in favor of a positive relationship
between the cold threshold ahdwith a 95% HDI between 0.17 and 0.96.
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The NHST Pearson correlation analysisg(re 3.8) revealed that the mechanical
threshold was positively correlated widh@ = 0.93,p < 0.001) and n(ik= 0.81,p = 0.005).
The d dor the mechanical stimuli was positively correlated withb(r= 0.86,p = 0.002).
Similarly, the cold stimulus threshold was positively correlated withl thgb= 0.76,p =
0.017).
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3.6 Discussion:

In the present study, we showed that sensory anés@osory (bias) signal detection
parameters could be assessed for all three types of corneal pneumatic stimuli and this is the
first study to obtain SDT parameters gach potentially problematic stimuli. We also showed
using Bayesian analysis that the detection theory estimates from human participants were in
favor of theories based on npnmate corneal neurophysiology. We also showed that the
detection theory estinbas favored responses to different types of stimuli being independent of

each other, based on chemical composition and temperature.

The literature on using SDT to study pain has indicated a need for careful selection of
the stimulus to obtainl Gnd bia$®®® Since no detection theory experiments have been
conducted before for corneal pneumatic stimuli, we used the somatic pain literature to choose
an appropriate stimulus for our feasibility study. The experimenters in pain SDT studies have
either used &nuli scaled to detection thresholdd® or stimuli of predefined intensiti¢&1°4
The advantages and disadvantage of both methods were discussed in the thests by Tan
experiment with a predefined stimulus intensity for ocular pneumatic stimlilinati be
plausible due to the unavailability of any normative data and the possibility of damaging the
corneal surface with a high intense stimulus. So, it is advisable to use a stimulus that is scaled
to detection thresholds. To determine whether a tletetheory approach was feasible with
pneumatic esthesiometry, we needed a 0Gol dil
too weak. Studies that have previously examined the intensity of the stimuli for SDT
experiments have commonly used the thoésihevel stimuli, but there are suggestions from
pain literature to rather use more intense (stipr@shold) stimuli to examine paifil°°A very
strong stimulus might be easily detectable, but it would have produced a perfect HR and no
FAR resulting inan error/difficulty in the calculating SDT parameters. Participants could also
adapt to the strong stimulus if multiple presentations were presented, altering the perceived
intensity as the experiment progressetf.On the other hand, a weak stimulusynmt be
readily detected, resulting in a higher FAR and lowerRilso, in the previous corneal
sensitivity experiment in our lab, with the same instrument and stimulus, participants

categorized the 1.5x detection threshold stimuli as mild to modgiatehse’®>! Therefore,
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pilot experimentation and theoretical considerations led us to use the stimulus intensity of 1.5x

detection threshold.

The feasibility of this type of experimental assessment of corneal sensory processing
was determined in terma the variability of the detection theory estimates, the number of
participant discontinuations and frequency of the symptoms of severe discomfort during/end
of the experiment or severe staining at the end of the experiment. All participants completed
the 40% stimulus probability experiments, but one participant discontinued the study before
the 60% stimulus probability experiment of the cold stimuli for personal reasons not related to
the stimulation or the psychophysical task. Only 5 out of 30 pantitsp@ok extra breaks
during the experiment, which were mostly due to-egperiment related factors. Mild corneal
staining was observed for 3 participants at the end of the experiment with the mechanical supra
threshold stimulus, but no discomfort, irtitm, or pain sensations were reported by the
participants. The next day, no symptoms were present and there was no corneal staining. In
terms of study outcomes, we were able to oldaénd bias for all participants who completed
the experiment. In addin to being able to derive detection and criteria metrics, we were able
to use Bayesian analysis to evaluate different hypotheses based on hypothetical extensions of
nonprimate corneal neufphysiology and somatic nociception. Higher variabilitydirdvas
observed for the experiment with the cold stimulus and 60% stimulus probability compared to
the experiment with 40% stimulus probability. A similar observation was observed for the bias
estimates as well. The variability dfof the mechanical and cheral stimuli was also larger
than cold stimuli at 40% stimulus probability, but the variability of the criteria was lower and
similar for all the experiments with 40% stimulus probabilities similar across stimulus types.
The criterion has been consideredass unbiased estimate of bias by SDT literature and
considering the criterion was not highly variable between the stimulus types, the variability in
thed ®etween stimulus types was analyzed further. These observations collectively suggest
that this suprthreshold protocol is feasible and safe when measuring SDT attributes of ocular

surface sensing.

With the limitation of not being able to measure a neurophysiological effect of human
corneal stimulation, it was also evident from the studies that the t@eresory information

such as thresholds could not be compared between the stimulus types due to the difference in
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the stimulus characteristics/measurement units. However, with &@Ecomes a common
measure of sensitivity across the stimulus types geavithe intensity was relatively same
across stimulus types. We did scale the stimulus based on the detection thresholds (1.5x
threshold) to keep the perceived sensation similar across participants and stimulus types
psychophysically® There were no negae d-primes obtained for the mechanical and
chemical stimuli, but two participants (one for each stimulus probability) had a small negative
d @ the cold stimulus category. The averag®éf the cold stimuli was also low, indicating a
general difficultyin detecting cold stimuli. The bias (batlndl 1 for all three stimulus types

were generally towards the conservative side, indicating a cautious approach by the
participants in their responses to the stthrashold stimuli. There is only one previaeport

of ocular surface sensing based on SDT (in contact lens wearers) by Beuerman aH Rozsa
but the study reported detection theory parameters for corneal thermal stimuli (warm waterjet),
delivered when the ocular surface was immersed in a water3iate the water bath produces

a raised background stimulation compared to normal conditions, this experiment is more
similar to the discrimination experiment for the thermal stimuli than a detection experiment.
This difference in their sampling, stimtien and psychophysical task, making it rather

difficult to perform comparisons between the results of their and our experiments.

As mentioned earlier, the averadjéf the cold stimuli was lower than the mechanical
and chemical stimuli. We could onlyespulate on the reason for the smatlefor cold stimuli
because there are electrophysiological studies ofpriorate corneas, but no similar studies
on the human cornea and a general assumption is that the neural behavior is similar. One
possibility forthe lower detectability is higher background activity of the cold receptor and
another is the nenoxious nature of the cold stimuli compared to other stimuli affecting
mechaneand polymodal nociceptors (that also, have been reported to have littledaaukg
activity).341821.23.24Thjs sort of distinction between painful and Aeainful stimuli has been

proposed befor&’

Our linking hypothesis explicitly assumes similar functioning in primate as in non
primate cornea¥® In reports about corneal rsstivity, the authors appear to assume similar
animathuman linking hypotheses in reaching conclusions about the human ¢&tA@dany

factors in this assumption are unknown and making these links becomes problematic when
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attempting to apply SDT tolauman cornea. For example, the amount of noise (frequency and
amplitude of background activity) and the factors controlling the background activity are
unknown and could not be controlled. After deliberation, assuming all the factors mentioned
above were anstant during the experiment, we analyzed the psychophysical data using
Bayesian ANOVA. The Bayes factor and Bayesian estimates find the data were in favor of this
nociception theory and this is the first time the theory has been psychophysicallyitestéd d

in human participants.

Similar to nociception theory, the psychophysical data also supported the nerve
conductance theory. Since histbemical®® and nerve conductance analysase currently
impossible in living human cornea, the identificateomd classification of the type of nerve
fibers in the human cornea have not been achieved. Even though there is still little evidence of
presence these fibéf4 t hand @fibers have been assumed to be present in the human

cornea similar to the neprimate cornea.

As described in the methods, the mechanical and cold stimulus use medical air at
different temperatures, whereas the chemical stimulus contains a mixture ah@@edical
air. Cold stimuli have been used to evaluate corneal sensitiwtyt das been debated about
whether this is also contaminated by a mechanical stimd@f4311%YAccording to a study
by Nosch et.af!® room temperature plus 10 or 15°C (similar to the temperature of the
mechanical stimuli of our study) producte least amount of change in the ocular surface
temperature and suggested that if the stimulus was outside of this range (room + 10 degrees)
there would be a thermal component in a pneumatic mechanical stimulus. We tested the
hypothesis with the assumptithat if the mechanical stimulus had a cold component, then the
mechanical and cold would be detected similarly by the participants. However, our
psychophysical data did not favor this hypothesis.

We observed a higher variability in tedf the mechanical and chemical stimuli. Also,
we observed a significant correlation between the mechanical thresholtl @Gnd also a
significant correlation between the mechanical thresholdl an@igure 3.7). Even though
there were no obvious grouping of the data in the mechanical threshold, we observed two

groups of participants in thee ®f mechanical stimuli. Participants either had a tbr high
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d and the participants who had lowkad a low threshold and lower bias usingob vice

versa. A similar decreasednéand bias has been seen in SDT literature that analyzed the effect
of anxiety®8:68.105112117 though most of the articlesported changes in tifieand no change

in the detectability. It is also not clear whether the conservative approach by the participants
resulted in higher threshold which in turn increased the detectability in SDT (since we used
threshold from the AMOLd obtain suprdhreshold stimulus) or participants really had high
thresholds. In addition, we obtained a binary (yes/no) response from the participants and used
a conservative stimulus probability (40%) which may have constrained the participants to
choo® a more conservative strategy (less false alarms). We were also unable to statistically
detect criterion changes during the experiment that might partly be due to the binary response
that participants used: Uncertainty was not allowed and, perhapsdmss a drawback of a
yesno experimental design. We would need a multiple criterion experiment such as the rating
SDT to analyze the changes in the criterion and evaluate the role of other psychological factors

such as anxiety that as we state earliaraféect the signal detection metrics.
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4 .1 Introduction:

The yesno SDT experiment in the previous chapter (Chapter 3) involved a detection
task, in which participants detected the presence of a signaltbugshold stimulus) against
the background noise. The yes SDT experiment demonstratdu tfeasibility of using one
interval two response (ye®) design signal detection theory (SDT) to analyze the ocular
surface sensory processing (OSSP) of pneumatic stimuli. However, there were a few
limitations in the experiment that needed to be adddessech as the assumption of fixed
criterion, detection indices obtained only for a single signal intensity, and longer experiment
duration if needing to test each intensity separately in a similar protocol. THm® \@&ST
assumes that participants useirggke criterion throughout the experiment when responding
AYeso or @ANoo to a trial, similar to the as
psychophysical method but with the ability to estimate Braslowever, if the participants
vary their citerion during the experiment, the variation cannot be distinguished/evaluated due
to the two response design. Ray matrices or changes in instructions provided before the
experiment have been reported in the literature to control/ alter the critgessamed by the
participants'® However, these restrict the participants from choosing their criterion
independently during the experiment. Also, in a normal/clinical/experimental environment, the
cornea receives multiple stimuli of different types andnsity at the same time. For example,
in a clinical environment, participants may have to detect the stimuli of different intensities
while they are already experiencing discomfort from theepisting dry eyes diactors such
as the draft winds and drireonditioned environmefit. The limitations make the ya® one
interval SDT design less efficient, but the flexibility of SDT is that the same experiment could
be conducted with variable criteria and multiple stimuli instead of a single stimulus tytensi
yesno design. The SDT experiment with variable criteria is usually referred to as a multi
criterion or rating SDT experiment. hating SDT experiments, instead of reporting a yes/no
detection response, participants rate their confidence with whigh deeected a signal
compared to the background nots&€¥8Each | evel i s t hredesigncoonvert
obtain different criteria adopted by the participants during the experiment, which will be
similar to conducting multiple yeso experiments ith different payoff matrices.The either
ends of the rating scale (1 and 5,45 tating scale is used) represent the most conservative or

most lax criteria used by the participants during the experiment, but participants can
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independently choose andryaheir criterion during the experiment.® Also, the detection
indices could be estimated for multiple intensities within a single rating SDT experiment and
it is referred to as mutstimuli rating SDT (MSDT) in this thesfs’

MSDT experiments with peumatic stimuli have never been conducted to examine
OSSP. In the only previously reported OSSP study using MSDT, detection of thermal waterjet
corneal stimuli was obtained from rating responses, but the results were reported as though the
experiment wasonducted as a ya® SDT experiment Studies have used MSDT in other
areas such as studies on audition, pain and memdr}!® The concepts of SDT from the
pain literature will be applied and evaluated in this study. OSSP is similar to somatic pain
processing despite using the trigeminal pathway and partly because of its inftigtisimilar

pain receptors¥ 19

According to the International Association
sensory and emotional experience associated wadthakhor potential tissue damage, or
described in t &%rasdresdntly$iliams adl Erdigded d ned pain as
distressing experience associated with actual or potential tissue damage with sensory,
emotional, cognitive, and social compe n tSteidieé have often found that psyeduxial
entities such as anxiety, fear, personatiypfidence, decisiemaking, seHesteem and stress
affect the perception of painful stimdfi?® Similar issues have been suggested in the literature

of correal sensitivity’, but have never been addressed before.

According to SDT, to elicit a response for a given trial, the sensory process first detects

the stimulus and this is then followed by the decision process (influenced by nfaltipls)

that shifts the response either in favor of signal or néfs&oth psychological and
physiologicalfactors have been shown to alter the detectability and?pi@pecifically, the

detectability is linked with stimulus parameters such as the intensity, abi$hie associated

with motivational, attitudinal and learninfgctors that influence the decision procés§

Anxiety has been shown to affect thepiiime and response bi&s*° Similarly, decision

making has been an essenfiattor addressed in litature from various disciplines. The

Melbourne DecisioMa ki ng Questi onnaires (MDMQ I-1) is a

making questionnaire to address motivational effect, cognitive styles and personality
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components on decisiesoping style’! Similarly, anxiety has been shown to affect decision
making?>3?3% Both anxiety and decisiemaking are processed in the amygdala, insular
cortex, and prefrontal corté® The involvement of the amygdala in pain processing has also
been studied in recent yeaas, the nociceptive pathway passes through the amygdala before
it reaches the thalamus and corié® Even though there does not appear to be enough
evidence of one influencing the other, in recent studies, it has been proposed that anxiety
influences desion-making due to the shared pathwdYydt is unclear whether these
psychologicafactors affect the detection of corneal stimuli because these predictor variables
have never been explored in experiments examining corneal sensory processing. In addition
corneal esthesiometry is considered an amtietycing technique due to the proximity of the
esthesiometer to the eye and anticipatory effect pertaining to the severity of the impending

stimuli.

In addition to psychologicdhctors, thefactors such agender, symptoms and contact
lens usage have been evaluated frequently in ocular surface sensitivity studies. Studies have
shown differences in the perception of pain with gerftiér.There are no studies that
evaluated the pain perception in symptoma#cticipants and participants who use contact
lenses. There is no literature available on the noise levels in these conditions, but | speculate
that participants might have elevated background noise levels against which the signal needs
to be detected. Ehspeculated elevation in noise levels is either due to discomfort or contact
lens use and the level of noise might be different depending on the level of adaptation (chronic
or acute). SDT studies have shown that clinical conditions (chronic or acute} tfé

detection indices®4244

The initial aim of this experiment was to evaluate the feasibility of using MSDT to
understand the OSSP, and once feasibility was established, to compare detection theory
estimates between different groups, and exammadmsensory decision and anxidactors
and then, analyze the relationship between the psycholdgicis and psychophysical
outcomes ofletection thresholdsk, and criterion. Also, evaluate the effect of differtutors

on detection theory indés.
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4.1.1 Research questions:

Are the indices of detection different between stimulus types and intensities?
Is there any interaction of groups (based on symptoms and contact lens use) in the
detection of pneumatic stimuli?

1 Do psychologicafactors suchas anxiety and decisiemaking show any relationship

with the outcomes of psychophysical methods used in this study?
4.1.2 Hypothesis:

The detectability of stimulus intensities is different between each other.
The detectability is different between stimulus type
The bias adopted by the participants is different between stimulus types but constant
within each of the stimulus types.

1 The detectability of the stimulus is the same, but bias is different betweerontact
lens wearers and contact lens wearers.

1 The detectability of the stimulus is the same, but bias is different between an
asymptomatic and symptomatic group of participants.
The decisiormaking and anxiety have no effect on the sensory estimates.
The decisioamaking and anxiety scores have an effattthe bias adopted by the
participants.

4.2 Methods:

Forty-one participants were recruited in the study using convenience sampling from the
students and staff community of the University of Waterloo. The study was conducted
according to the guidelines ofetDeclaration of Helsinki and ethics approval was obtained
from the University of Waterloo, Office of Research Ethics (Waterloo, Ontario, Canada).
Informed consent was obtained from each participant and participants were allowed to
discontinue at any stag# the study. The screening and recruitment of the participants were
performed on the first study visit. On arrival, participants filled the questionnaire ayery
symptoms using the DE® questionnaire and the history of contact lens usage was also
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recorded. The ocular surface was screened for any active signs of inflammation or infection.
The scores from the DE® questionnaire was later used in the analysis by grouping them into
asymptomatic and symptomatic participants. Participants who wore thaacttenses at least

three days per week were grouped under the contact lens wearer group, otherwise under non
contact lens wearers. There were only soft contact lens wearers in this study and the lens
wearers were instructed not to wear their contaddsron the day of their study visits. The
visits were scheduled to occur at the same time of the day (x 30 min) to reduce diurnal variation

affecting the measurement.
4.2.1 Stimulus characteristics:

The stimulus types used in this experiment were mechanteatical, and cold (or
cool, room temperature). A Waterloo Belmonte pneumatic esthesiometer was used to deliver
each stimulus to the center of the anterior corneal surface. The mechanical stimulus was
medical air, heated to 50°C (converts to 33°C at theeadisurface) at the nozzle, and the cold
stimulus was a rooftemperature medical air. The flow rate of the stimulus was either
increased or decreased to alter the intensity of the output, depending on the response provided
by the participants. In the cagkthe chemical stimulus, the flow rate of the stimulus was kept
constant at half of the mechanical threshold to remove any mechanical effect influencing the
judgment. The ratio of carbon dioxide mixing with the medical air was changed at a given flow
rate to produce a chemical stimulus. The %.@®the stimulus defines the intensity of the
chemical sensation induced. The flow meters in the control box of the esthesiometer regulates
the flow of medical air and CQo the desired concentration and flow eflemperature of the
chemical stimuli was the same as the mechanical stimuli. The preparation and delivery of the
stimulus were automated using the custom software according to the psychophysical procedure
conducted. Each stimulus type was randomly asdigm@ne of the 3 study visits at the start

of the first study visit. Each visit was approximately an hour long and was separated by at least

a day to avoid fatigue effects and all ow Ore

system.
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4.2.2 Ascending method of limits:

Though it is an MSDT experiment, tdetection thresholdsere calculated to use as a
baseline for the following MSDT experiment. At the start of the wgtection thresholder
the assigned stimulus was measured using the asgentthod of limits (AMOL). An
average of three measures was considered as a threshold. The duration of the chemical stimulus
was 2 seconds, and mechanical and cold stimuli were 3 seconds long. Tistirmikrs
interval for cold and mechanical stimuli reel0 seconds; for chemical stimuli, the inter
stimulus interval was 30 seconds (to enable purging of the stimulus in preparation for the
subsequent stimulus). The oral instructions were provided by me before the start of the
experiment, followed by the tamated audio prompts for each trial. The training was
provided. Participants were advised to blink between each trial. Participants responded yes/no
to each trial using the button box and the responses were recorded in the software. If the
difference indetection thresholdsetween 3 measures were larger than 15ml/min or 15%, the
experiment was repeated another day. If the thresholds were still variable, the participants were

excluded from the study.
4.2.3 Detectability experiment:

The signal intensities fohe MSDT experiments were scaled based on their respective
cornealdetection thresholdsnd the signals (in the analysis and report) were referred based on
relative intensity to the threshold. The scaled intens#reslescribed later in the methods.
Instructions for the detectability experiment were accompanied by a short demonstration of the
trial sequence. ONeutrald instructions were
of the experiment, in an aftgt to minimize examiner induced bias and variability. The
stimulus probabilities and feedbacks, indicating the correctness of the response were not
provided to the participants. Instead, audio feedback confirmed each button press. Participants
rated eacltrial using the button box and the number of button presses was stored as the rating

for each trial. Participants were advised to blink between stimulus presentations.

4.2.3.1Cold and mechanical detectability experiment:
The cold and mechanical MSDT experimentsisted of 100 trials with random
presentations of a signal or a noise stimulus. Each experiment consisted of four signal
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intensities of 20 trials each and a noise stimulus of 20 trials. The signal intensities (scaled based
on detection thresholdisvere a subthreshold (0.5x threshold), a threshold and two supra
threshold (1.5x and 2x threshold) intensities. The noise stimulus was a catch trial with no
stimulus. If the estimated threshold for cold or mechanical stimulus was between 15 ml/min
and 20 ml/mm, a flow rate of 10 ml/min was used as the intensity of thetweishold stimulus.

If the threshold was below 15 ml/min, the trials involving-tluteshold stimulus were replaced

with the blanks (catch trials) as the flow rate of 50% threshold would dbebe&low the
esthesi ometer 6s r e200 nad/imih. ©n aogivéngdrialt eithera signal (onef 1 0
of the four scaled stimulus intensities) or a noise (blank stimulus) trial was randomly presented,

and the instructions for the noise trials wexaaly the same as signal trials.

The interstimulus interval and presentation time was the same as the threshold
experiment. A confidence rating scale of 5 ratings was used by the participants to respond to
each trial. Breaks were provided after 50 triaysdefault or whenever participants pause the

experiment using a button box.

1 2 3 4 5
Definit|Probabl Pr ob abl | DefinitelyiiYe®
_ . Not sure/ _ .
signal was not| signal was not _ a signal was signal was
Uncertain
presented presented presented presented

Table 4-1. The confidence rating scale used by the participants to respond to a mechanical or a cold

stimulus trials.

4.2.3.2Chemical detectability experiment:

Chemical MSDTexperiment consisted of 50 trials with random presentations of either
a signal or a noise stimulus. There were two signal intensities (the threshold and the 2x
threshold) of 20 trials each and 10 noise trials. Unlike cold and mechanical MSDT
experimers, the noise/catch trial for chemical stimuli were not completely blank stimuli;
instead, a medical air stimulus with 0% £&lded at the same flow rate as signal trials. A
confidence rating of 4 ratings was used by the participants to respond to eachetziks. \Bere
provided after 25 trials by default or whenever participants pause the experiment using a button
box.
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1 2 3 4
Definit|Probabl |Pr obabl | DefinitelyiiYe®
signal was not | signal was not| a signal was a signal was

presented presented presented presented

Table 4-2: The confidence rating scale used by the participants to respond to a chemical stimulus trials.
4.2.4 Anxiety and decision making:

Thedecisionmaking scores were obtained at the start of the first study visit using the
Melbourne DecisiofMaking Questionnaire 1I (MDMQ Il). The decisianaking was
evaluated before the start of the experiment, followed by BERQd anxiety questionnaires.

The anxiety was evaluated using the Sttt Inventory for Cognitive and Somatic Anxiety
guestionnaire (STICSA). There were two components of anxiety measured: Trait (anxiety in
general) and state (anxiety at that instance). The STHESirquestionnag was administered

only once and it was administered after the E&EQuestionnaire on the first study visit.
Participants were instructed to respond based on how they feel in general. The instructions for
the threshold experiment were provided, followedHsystate anxiety questionnaire to respond
based on how they feel at the particular instance after the instructions. The anxiety
guestionnaires were obtained before and after each threshold measurements in each study visit.

4.3 Data analysis:

The rating dat&or each participant was exported to Microsoft Excel spreadsheet. The
RscorePlus software (v.5.6*1was used to calculate the detection theory parameters. These
were based on assumptions of Gaussian signal and noise distributions. The RscorePlus data
input file had the information on the number of rating categories, a number of signals
(including catch trials), participant id, commands specific for SDT analysis along with the
response frequency for each rating category. The commands included codafsiropldata
in case of unsuccessful analysis, treatment of zero frequencies and type of the SDT experiment.
For this study, the SDT indices were calculated with a SINT (sintgeval experiment
paradigm) SDT protocol and zero frequencies were repladdd WWnumber of rating
categories to eliminate errors due to zero frequencies. The hit rate (HR) and false alarm rate

(FAR) were calculated by cumulating the rating responses of n ratings-19rdecision
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criteria similar to the yeso procedure. The HRnd FAR was used in the calculation of
detection theory parameters. The outputs included the detection theory parameters for each
signal and formatted datasheet for creating detection theory graphs using R. The equations
used in calculating each detectithreory parameter as provided by the software manual are
listed below?*

Q a0OY q00'Y (Equal variance model)
Q — 8a0Y B "00'Y (Unequal variance model)
. ., Q
(0] a =

q

® T GOY a"0d'Y

@) ¢ 00 Y

N a00Y @qa0OY
ff C

Thedand do6é are numerically the same i f t he
noise and signal + noise are the s&M&The standardized criterioncXgives the bias status
of the participants for the whole SDT experimemtcfestimulus type), whereas criteria (c and
Inb ) gives independent bias indices for eac
experiment. The Aprovides the area under the curve estimate for each signal. The receiver
operating characteristics (ROC) eas were plotted for individual and cumulated (grouped)
data. The cumulated data ROCs were plotted by using the rating data obtained by adding the
response frequencies of each stimulus rating category across all the participants within the
group as though single participant received all the trgifsgure4.1). For example, all 3600
trials (720 catch and 2880 signal trials) for mechanical stimuli were received by a single
participant compared to 100 trials each by 36 participants. The R progracodegprovided
in the RscorePlus software packégeere used in plotting the ROCs, zZROCs and Gaussian

distributions reported in this chapter.
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Participant
id

Stimulus
type

Rating 1

Rating 2

Rating 3

Rating 4

Rating 5

Cold sub-
threshold

(3]

[§]

[§%]

Cold sub-

[S%]

[SS]

threshold

Cold sub-
threshold

Group detection indices
using the cumulated 12 10 4
ratings data

[SS]
[§]

Figure 4.1: Example for the cumulated ratings to calculate gpup detection indicesand draw group ROC
curves.

To analyze the bias between the types of stimulus, the multiple criterion data from the
rating dataset were collapsed to a single criteriomyetype analysis due to the difference in

the rating scalebetween the stimulus types used by the participants to respond to the trials.

The ratings were accumul ated based on Ol i ber e
criteriono, a rating of 1 (definitaesltg Ainoo t
frequency of Anod response and ratings of mor
Ayeso response which would be similar to crit
the O6strict criteriond, aignalavasused asdhe freGuerfcd e f i ni -
of fiyesd response (rating 4 for chemical stim
as the frequency of Anod response which woul

chemical) from the rating analysis.of® the standardized criterion {Xof the Gaussian
distribution and the biases for individual stimulus types were used for the analysis between

stimulus types.

The detection theory indices were analyzed using a mmxadkel analysis of variance
ANOVA) ( 61 m&rancemited sappietest angRe The post
performed “Using th

(mixed-modé
hoc/contrast analysis for the mixedo d el s wer e
Several R packages were used in sorting, rearranging and analyzing data, and in creating and
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exporting graphg®°'%®An al pha value of p O 0.05 was

analyses conducted.

4.3.1 Outline of the analysis conducted:

Parameters from the experiment:

= =4 4 A4 A -

Stimulus types: Cold, mechanical, and chemical

# of stimulus intensities: Cdl 4, Mechanical4, Chemical 2

# of rating categories: Col®, Mechanical5, Chemical 4

Groups: CL use (2), symptoms (2), symptoms & CL (4)

Detection theory parameters; @, criteria (candnb ) ¢ X

Decisionmaking components: Vigilance,buckpassing, procrastination, and
hypervigilance

Anxiety components: Trait & Stat€ognitive and somatic anxiety

Outline of analyses:

Rating SDT (Paragrapl#.4.2

Summary statistics for threshold, detection theory parameters, detialong scores,

and anxiety scores

Comparisons of the detection theory parameters between stimulus intensities within
each stimulus type and between stimulus types

Comparisons of the detection theory parameters between groups bdaeibien

Correlation betweedetection thresholdsnd detection theory parameters

Decisionmaking (Paragrapt.4.5

Comparisons of the decisianaking scores between the 4 categories and analysis of
the interaction between groups basedamtors
Correlationsetween theletection thresholdsnd DM scores

Correlations between the detection theory parameters and DM scores
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Trait anxiety (Paragrapl#.4.9

Comparisons of the trait anxiety scores between the 2 anxiety components and analysis
of the interaction between groups basedamtors

Correlations between trdetection thresholdand trait anxiety scores, and interaction
between groups based fattors

Correlations between the detection theory parameters and trait anxiety scores

Correlation between decisionaking and trait anxiety scores

State anxiety(Paragrapl.4.7)

= =A =2 =

Mixed model analysis of change in anxiety over the course of the experiment and
analysis between groups basedaxtors

Comparisons of the state anxiety scores between the two components and between the
pre- and postAMOL scores

Comparisons between the prand postAMOL state anxiety scores and interaction of
groups based diactors

Correlations between thietection thresholdend state anxiety scores (pre & post) and

the interaction of groups based fastors

Correlations between the detection theory parameters and state anxiety scores (pre &
post)

Comparisons of the state anxiety scores between anxiety componentsp@st &
Comparisons of the state anxiety scores between groups (pre & post)

Correlations between tlaetection thresholdsnd state anxiety scores (pre & post)
Correlations between the detection theory parameters and state anxiety scores (pre &
post)

4.4 Results

Forty-one participants were recruited in this study. The me&iD(tage group of the

participants was 30.20 + 7.44 (range: 19 to 50) years. Five participants were discontinued at

different stages of the study: Three discontinued due to vadabéeton thresholdebtained

while repeating the AMOL and 2 participants discontinued due to high threshold. As
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mentioned earlier, the detection theory indices for all participants and groups were calculated
in two formats: 1) calculated using the summed radatg (for each rating) within the group/all
participants and 2) <calculated from each pa
theory indices, 135 sets of ROCSROCs and gaussian distributions were plotted (individual
participant: 108 (3 stimub type * 36 participants); groups: 27 (3 stimulus * 1 all participants

+ 3 stimulus * 2 groups based on symptoms + 3 stimulus * 2 groups based on contact lens
usage + 3 stimulus * 4 groups of both symptoms & contact IeBig)ge this chapter consists

of a large number of analyses, the format of the result section has been categorized in sub
sections based on detection thresholds, SDT indices, and psychological indices. Under each
subsection, there are summary statistics, followed by comparisons bettireetus types,
comparisons with other study variables, and finally the interactioriactdis as listed in

outline above4.3.J).
4.4.1 Detection thresholds

The averagd+SE) detection thresholdfor cold, mechanical, and chemical stimuli
were 26.01 + 2.10 (ml//min@ room temperature), 28.60 = 2.25 (ml/min @ corneal
temperature), and 24.83 £ 2.30 (%). Within each stimulus typeletieetion thresholdsere
compared betwee groups based on gender, contact lens wear and symptoms using the
independent-test. The mechanicatietection thresholdaere significantly different between
the groups based on gendef2(7.6) =-2.06,p = 0.049) and the coldetection thresholdsere
significantly different between the groups based on symptorfsd (7/5) =-2.28,p = 0.03)
(Figure4.2).
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Figure 4.2: Boxplot for mechanicaldetection thresholdscompared between gender (Aand cold thresholds
comparedbetweengroups based orsymptoms (B)

4.4.2 Comparisons of detection theory indices between stimulus types:

4.4.2.1Detectability:

The average (xsexof each stimulus type and intensity are listed able4-3. Since

the subthreshold and 1.5x threshold intensity stimuli were not used in the chemical MSDT

experiment, thegdvas analyzed independently for each intensity level between stimulus types.

A paired sample-test was conducted to coamne the dbetween cold and mechanical stimuli
of subthreshold and 1.5x threshold intensity. Thé@d o f -tbreshold arsl @.%x threshold
intensity were not significantly different between the stimulus types @.05). On the other
hand, a mixednodel analysis was conducted to compare tiiesl b et ween t he
of threshold and 2x threshold intensity. Théd of t he threshol d i
significantly different between the stimulus types (F (2, 70) = 2.9880.057),though the
box plot showed a higher tbr chemical stimuli in comparison to cold and mechanical stimuli
(Figure43). Theddos of t he 2 sity wak noesSghifcantly different detween
stimulus types. A similar analysis for the &lso showed similar comparisons as theNb

significant main effect or interactionsfaictors were observed for both @nd A (all p > 0.05).
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Figure 4.3: Comparison of da betweenstimulus intensities and stimulus types.

SDT Stimulus Cold Mechanical Chemical
Parameters intensity (non-noxious) (noxious) (noxious)
Subthreshold -0.15+£0.13 0.10+0.14 NA
Detectability
g Threshold 0.66 £ 0.12 0.68 +0.11 0.97+£0.12
() 15x threshold  1.33 £ 0.17 157 £0.17 NA
(mean = SE)
2x threshold 1.90+0.17 2.08 £0.19 1.88+0.16

Table 4-3: Average (zSE) d for all three stimulus types and stimulus intensities.

4.4.2.2Standardized / Decision Criterion (%):

Mixed model analyses between stimulus types were conducted only for the most liberal

(Xc1) and most strict (X4) criterion levels. A significant main effect of stimulus types (F

(2,70) = 22.93,p < 0.001) was observed for the standardized criterion level (1) (X

(assumption of the liberal observer), whereas no significant effect was observed for

standardized criteon 4 (X4) (an assumption of the strict observdfig(re 4.4). Contrast
analysis of X1 showed that the criterion used for chemical stimuli wasfsigntly different
from the cold and mechanical stimybi € 0.001). No main effect or interaction faictors was

observed for both 2 and X4.
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4.4.2.3Criterion ( ¢) for each stimulus intensity:

4.4.2.3.1Assuming a liberal criterion (c1) for collapsing into yes/no paradim:

A significant main effect of stimulus types was observed forcthef threshold (F
(2,70) = 27.15p < 0.001) and 2x threshold intensity stimuli (F (2,70) = 20(8&; 0.001)
(Figure 4.5). The contrast analysis of thel of threshold intensity stimulus indicated a
significant difference between all three stimulus types. Howevercifoof 2x thresholds
intensity stimuli, only the chemical stimuli were different from the other two stimulus types.
Thecl 6 s o f -thresholel amsl U.Bx threshold intensity stimuli were not significantly
different between the two stimulus types (chemical was not testeg) ¥al.05). Compared
to cold and mechanical stimuli, the participants assumed the stricter critectaptatespond

to the chemical stimuli.

4.4.2.3.2Assuming a strict criterion (c4) for collapsing into yes/no paradigm:

A significant main effect of stimulus type was observed only foccthef threshold intensity

stimuli (F (2,70) = 9.41p < 0.001) and the contrast analysiswhdthec4 6 s of t he ¢ he mi
stimuli were significantly more liberal in comparison to other two stimulus typgare4.5).

Thecd 6 s of o tswag notisignifieamtlg differené between the stimulus types (

0.05).
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Figure 4.4: Comparison of decisioncriterion (X¢) between stimulus types considering liberal condition(#
and strict condition (B). At liberal criteria, the X ¢ are significantly different between stimulus types.

4.4.3 Within Stimulus comparisons:

4.4.3.1Cold stimulus:

The ROC curves plotted using the cumulated ratings showed a good separation in the
da between the scaled stimulus intensitiegygre4.6). The ROC curve of cold stthreshold
intensity stimuli was inverted, indicating a negativeTthez-ROC curves for all stimuli were
almost parallel to the chance line and only tHRQC of the sulthreshold intensity stimuli
was below the chance line similar to the ROC curve. The slopes of thetlsigsiaold ZROC
were less than 1, but the curves dat cross each other or other curves within the stimulus
type. A mixedmodel analysis was conducted to compare jloé tthe cold stimuli between the
intensities. A significant main effect of stimulus intensity (F (3,130) = 22.%10.001) was
observed dr di between the cold stimulus intensitigsigure 4.7). The contrast analysis
showed that thef each intensity was significantly different fronetbther. Similarly, the
analysis of the area under the curve was also found to be significantly different between the
intensities (F (3,94.96) = 129.91< 0.001).
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Figure 4.5: Boxplot of c1 (A) and c4 (B) for all the stimulus intensities and stimulus typesNote: in plot B

for chemical stimuli, c3 was used as criteria in place of4, asc3 is the strictest criteria for chemical stimuli
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Figure 4.6: ROC and Gaussian distribution for the cold stimuli. The green line represents the stifireshold

stimuli followed by orange (threshold), purple (1.5x threshold) and pink (2x threshold). The black line ¢Bin
density functions represent the noise distribution
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A mixedmodel analysiswas conducted to compare tliebetween the stimulus
intensities within each stimulus type. Significant main effects of criterion (F (3,77.35) =
131.32,p < 0.001) and stimulus intensity (F (3,106.8) = 130§96; 0.001) were observed,
indicating the biasvas different between the foalevels and intensities. Though there were
main effects, no interactions were observed betweeis #rel stimulus intensities. Mixed
model analysis of bias usihgnafso showed a significant main effecbafriterion (F (395.94)
= 15.34,p < 0.001) and stimulus intensity (F (3,104.83) = 35 0.001) similar toc.
However, a significant interaction was also o
(9,285.85) = 51.59 < 0.001) Figure4.8).

Mixed-model analyses for the dnd A with factors showed no significant main effect
or interactions of the groups (@l 0.05), though the main effect of thegmulus intensity was
observed on all analysep € 0.05). The ROCs using cumulated data for groups based on
symptoms and contact lens usage are showigime4.9 and they showed slight variations in
the curves between the types of groups. Even though there were no significant effects of
groups, there was a significant interaction of the study visit in the comparison between
criterion level and intensities for costimulus (F (18, 268.05) = 1.9@,= 0.012).
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Cold asymptomatic & non—contact lens wearer group data Set 1: 1 Cold asymptomatic & contact lens wearer group data Set 1: 1
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Figure 4.9: ROCs for cold stimuli for groups based on symptoms and contact lens wear.
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4.4.3.2Chemical stimulus:

The ROC for the cumulated ratings of all pap@nts showed good separation between
thedds of the threshold and 2 xFigurddl® JHeslopd i nt en s
of the zZROC of the2x threshold intensity stimuli was parallel to the chance line, whereas the
slope was slightly less than 1 for threshold intensity stimuli. A paired santps tvas
conductedand a significant difference was observed betweenshesd of t he t hr eshol
0.12) and 2x threshold (1.88 £ 0.16) intensity stimtu{85) =-5.93,p < 0.001 Figure4.11).
Similarly, the A was also ignificantly different between the two stimulus intensitie86) =
-5.41,p < 0.001) Figure4.11). No significant main effect or interactions of the groups based
onfactors were observed in the detection of chemical stimuli. The cumulated ratings ROCs for
groups based on symptoms and contact lens @wsagshown irFigure4.14 and they showed

variations in the curves between the types of groups.
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Figure 4.10: ROC and Gaussian distribution for the chemical stimuli. The orange line represents the threshc

stimuli followed by pink (2x threshold). The density functions in black (s represent the noise distribution.
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Figure 4.11: The transducer function for da and A of chemicalthreshold and 2x thresholdstimuli.

The bias ¢andl 1 fresumed by the participants in detecting the chemical stimuli was
analyzed using mixed model analysis. Significant main effecte whserved for the bias
estimated using the criterion between the criterion levels (F (18%. =33.69,p < 0.001)
and between the stimulus intensities (F (23p=161.77,p < 0.001) Figure4.12). There
was no significant main effect tdctors, although a few significant interactions were observed.
The subgrouping of participants based on symptoms produced a significant interaittion w
the stimulus intensities (F (1,53.01)= 6dl= 0.017). The asymptomatic participants were
more | iberal t o-threshgld stimulassirdo coniparisoa to she gymp@Eomatic
participants [Figure4.13). There was also a threeay interaction observed for bias between
stimulus intensityc criterion levels and contact lens wear (F (2,67.39)= §¥70.001). When
the participants were further sdivided based on both contact lens wear and symptoms, there
was a significant interaction between the stimulus intensity and subgroups (F (3,48.42)= 4.48,
p = 0.008), andhere was a significant threeay interaction between stimulus intensity,
criterion levels and the subgroups (F (6,63.39)= 4p1€6,0.002) Figure4.13).
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Figure 4.12: The bias function for cand | ndb chemical threshold and 2x threshold stimuli.

Mixed-model analyses of bias usihgnwere conducted to compare the bias between

the stimulus intensities and t heditrionbwascr i t er i
observed (F (2,70) = 52.ft,< 0.001) along with a significant interaction between the stimulus
intensities and criterion (F (2,70) =19.6§%<0. 001) . However, I nb Dbias v

different between the stimulus intensitiésgure 4.12). A threeway signiicant interaction

was also observed between intensity, b crite
(2,170)= 4.32p = 0.015). There was also a significant tway interaction for biabetween

the stimulus intensities and groups based on both cdetecivear and symptoms (F (1,170)=

7.78,p = 0.006).
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Chemical asymptomatic & non-contact wearer group data Set 1: 1 Chemical asymptomatic & contact wearer group data Set 1: 1
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Figure 4.14: ROCs for chemical stimuli for groups based on symptoms and contact lens wear.
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4.4 .3.3Mechanical stimulus:

Similar to the cold and chemical stimuli, there was geephration between the ROC
curves of different stimulus intensitigsigure4.15). The slopes of-ROC were less than one
and the ZROC of sukthresholdintensity crossed the chance line. The mirsatel analysis
showed that thesds of the mechanical sti mul i wer e
intensities used in the experiment &100.92) =66.46,p < 0.001) Figure4.16). No other
significant main effect or interaction with tfectors were observed. The cumulated data ROCs
for subgroups based on symptoms and contact lens usage is shHeguré#.19 and showed
variations in the ROC curves between groups. A mixedel analysis of the Ashowed a
similar significant main effect of the intensities @&100.63) 60.96,p < 0.001) Figure4.16).
Also, a significant interaction of group based on symptoms was observedidetween the
stimulus intensit and the groups (F (3,%).= 3.089,p = 0.031) Figure4.17). When the
groups were further divided based on both contact lens use and symptomsfi@asign
interaction was observed between the intensity of the stimulus and group was observed for A
(F (6,9538) =2.86,p = 0.013) Figure4.17).
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Figure 4.15: The transducer function for da and Az of mechanical stimuli.
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Figure 4.16: ROC, zROC and Gaussian distribution for the mechanicattimuli.

The bias ¢ andl n fo respond to the mechanical stimuli was similar to the cold and
chemical stimuli. Significant main effects of intensity (F (3,101.52)= 84630.001) anct
criterion (F (3,105.23)= 198.69, < 0.001) were observed for rieanical stimuli indicating
that the bias changed with the intensity of the stimuli and the bias was significantly different
between the criterion levelBifure4.18). No other significant interactions were observed. The
anal ysis of bias wusing | nb ¢Fh3H1olecd)=rBap<n ef fect
0.00)and | nb c3rl05) =9.44,p 1 0.0015 and a significant interaction between
the stimulus i nt e 93804.08y=3838,u<0l00lpFigaredil®.er i on ( F (
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Mechanical asymptomatic & non-contact lens wearer group data Set 1: Mechanical asymptomatic & contact lens wearer group dataSet 1: 1
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Figure 4.19: ROCsfor mechanical stimuli for groups based on symptoms and contact lens wear
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4.4.4 Correlation betweendetection thresholdsand detection theory parameters:

The correlations between threshold and detection theory indices were conducted using
Spearman correlations for each stimulus type. A significant positive relationship was observed
between the coldetection thresholdand da of the cold threshold intensity stimulFigure
4.20), indicating a high detectability of threshold intensity stimuli with high basdktection
thresholds Thedetection thresholdwere positively correlated with the df sub and supra
threshold stimulus intensities for all three stimulus types 0.05) Figure4.20, Figure4.21,
Figure4.22). Thec (2,3) andl n(B,3,4) for the cold stimuli showed a significant positive
correlation with the thresholdrigure4.23 & Figure4.25). Similarly, the criterion (1 & 2) of
the chemical threshold stimuli was positively correlated with the chemical threstglolg(

4.24).
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Figure 4.25: Correlation between the cold threshold and ndb cold threshold intensity stimuli

4.4.5 Decisionmaking:

The average (xse) DM scores of the participants and groups are |iSeduled-4. The
profile of DM scores for each participant in the study is showfignre4.26 and the profile
indicates that the majority of the participants had more vigilance score compared to other DM
types. A mixeemodel analysis of DM scorehi@ved a significant difference in the scores
between DM types (F (3,105) = 121« 0.001). The contrast analysis of the DM types showed
that the vigilance scores were significantly different from all other DM types .001)
(Figure4.28). Also, the procrastination scores were significantly different from hypervigilance
scoresff = 0.005). Spearman correlations between the DM parametersovetactedfigure
4.27) to analyze the relationship between the DM types and interactions with groups. The buck
passing, hypervigilance, and procrastimatscores were significantly correlated with each
other p < 0.01), but the vigilance scores were not correlated with other DM types. No

significant main effect or interactions of groups were observed.
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Scale (items) Overall Gender Symptoms Contact Lens
i ) Non-contact | Contact lens
Male Female | Asymptomatic | Symptomatic
(n=36) lens wearers wearers
(n=13) (n=23) (n=18) (n=18)
(n=18) (n=18)
Vigilance 9.89 9.46 10.13 10.06 9.72 10.06 9.72
(6 items) (0.30) (0.57) (0.51) (0.46) (0.40) (0.43) (0.44)
Buck-passing 3.22 2.39 3.70 3.00 3.45 3.11 3.34
(6 items) (0.39) (0.56) (0.51) (0.58) (0.54) (0.53) (0.59)
Hypervigilance 4.03 3.69 4.21 4.22 3.83 4.28 3.78
(6 items) (0.36) (0.61) (0.44) (0.50) (0.51) (0.50) (0.52)
Procrastination 2.56 2.31 2.70 2.67 2.45 2.34 2.78
(6 items) (0.40) (0.72) (0.49) (0.66) (0.48) (0.45) (0.68)
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Table 4-4: Mean (SE) of the scores for each DM component. The mean (SE) of the scoresfiarups based on gender, contact lens use and symptoms.
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4.4 .5.1Correlation between DM scores and corneatietection thresholds

The relationship between the DM scores and the coutegaktion thresholdeere
analyzed along with interactionsfattors using Spearman correlations. A significant negative
relationship was observed betweentgglance scores and the chemidatection thresholds
( §-6.35p =0.04) Figure4.29).

127 go_o34"p200s  ° ¢ **
$ 10
Q
Q
w
@
Q
c
o
{=)]
S 8]

[ ] [ N ]
61 .
10 20 30 40 50

Chemical threshold
(%)

Figure 4.29: Correlation between chemical thresholds and vigilance DM scores.
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4.4.5.1.1Group interactions:

A significant negative correlation was observed in the symptomatic group of
c h e m0.&@=10.0q1) =
c o0.6d,p {0j067) stimuli Figure4.30), whereas a significant positive relationship

participants between vigilance score aetection thresbidso f
and
was observed irthe asymptomatic group between vigilance scores and aetection
thresholdy }
group of participants between procrastination scores and mechadetieation thresholds }
0.66, p = 0.013) Figure4.31).

p = @OR9). A significant positive correlation was observed in the male
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Figure 4.30: Correlations by group between vigilance scores of the padipants and their thresholds.
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Figure 4.31 Correlation between mechanical threshold and procrastination scores.
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4452Correl ation between DM scores and dbo:

The relationship between the @hd DM were analyzed using Spearman correlations.
Only 1 out of 40 (4 decision scales #af 10 stimulus intensities (4 intensities each for cold
& mechanical stimuli; 2 for chemical)) correlation analyses conducted were significantly
correlated. A sigriicant positive relationshipFigure 4.32) was observed between buck
passing DM scoresanddf t he mechanical threp30®49d i nt en
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Figure 4.32: Correlation between theda of the mechanical threshold stimuli and buckpassing scores of tt
participants.

4.4 .5.3Correlation between DM and bias:

The relationships between the DM and criteria were analyzed using Spearman
correlation(Table 4-5). For cold and mechanical stimuli, there were four criteria for each
intensity tested from the-fating scale. There were 64 correlations (4 stimulus intensity * 4
criteria each * 4 DM types) each for mechahanad cold stimuli. 2 out of 64 correlations for
mechanical stimuli and 9 out of 64 correlations for cold stimuli showed significant
relationships. For chemical stimuli, there were three criteria for each intensity frornattiegl
scale. Only 1 out of 242 stimulus intensity * 3 criteria each * 4 DM types) analyzed was

significantly correlated.
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Stimulus type and o )
DM type i i Criterion Spearman correlation
intensity
o Mechanical
Vigilance cl } =0.37,p=0.025
threshold
o Mechanical 1.5x
Vigilance c3 } =0.34,p =0.046
threshold
Vigilance Cold threshold cl } =0.37,p=0.029
Buck-passing Cold threshold c4 } = Op.=4€.8097
BUCk ‘ Cold 1.5x o 0p.=.85
uck-passin = . =3.

P J threshold J P
Buck-passing Cold 2x threshold c4 ] = 0p.=3.026
Procrastination Cold threshold c4 } = O0p.=£.008

o Cold 1.5x
Procrastination c4 } = Op.=40.6047
threshold
Procrastination | Cold 2x threshold cA } = 0p.=3919
o Chemical
Procrastination cl } =0.37,p=0.026
Threshold

Table 4-5: List of significant relationships between thec obtained for each stimulus type and DM scores

Most of the significantelationships were observed either ¢tror c4 of the criterion
level. Thecd 6 s old threshad, 1.5x, and 2x threshold intensity stimuli were significantly
correlated with the buegassing and procrastination DM scorps<(0.05) Figure4.33).

Similar to the analysis of the for| n there were 64 correlations analyzed each for
mechanical and cold stimuli. There were 24 correlations analyzed for chemical stimuli. 6 out
of 64 and 3 out of 64 correlations analyses conducted were sagifor mechanical and cold
stimuli, respectively. Unlike, most of the significant relationships were observed for either
subthreshold or threshold intensity stimullfgble 4-6). 1 out of 24 correlation analyses
conducted was significant for chemical stimdlhel m ff 2x chemical threshold intensity

stimuli was significantly correlated with the bupka s si ng DM0.3%,p20034. () =
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threshold

Stimulus type and Log-Likelihood Spearman
DM type : . . .
intensity ratio correlations
Mechanical
Vigilance | b =0.43,p = 0.0087
threshold
Mechanical
Vigilance | b =0.37,p = 0.026
threshold
Vigilance Cold subthreshold | b = Op.=®.R063
Vigilance Cold subthreshold | b =0.5,p = 0.0089
Buck-passing Cold subthreshold | b = 0Op.=9.8051
. Chemical 2x
Buck-passing | b =0.35,p = 0.034
threshold
o Mechanical sub
Hypervigilance | b =0.45,p=0.011
threshold
_ Mechanical sub
Hypervigilance | b =0.44,p = 0.012
threshold
o Mechanical sub
Procrastination | b =0.44,p = 0.012
threshold
o Mechanical sub
Procrastination | b =0.41,p = 0.021

Table 4-6: List of significant relationships betweenl

namd DM scores
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Figure 4.33: (Top row) Correlation between buckpassing scores and4 of cold stimuli. (Bottom row) Correlation between procrastination scores and

c4 of cold stimuli.
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4.4.6 Trait Anxiety:

Paired ttest analysishowedh significant difference between tbegnitive and somatic

scores of trait anxiety (t (35) =4.05365 0.001). The average scores for cognitive and somatic

components of trait anxiety were 17.92 + 0.94 and 14.58 + 0.50, respe(figeise4.34(A)).

A significant positive relationship was observed between the cognitive and somatic
apr< X.00&) tFigured. BB 2. Alo sig@ficahts

com

ponents of trai

interactions ofactors were observed.

301

104

Figure 4.34: (A) Comparison between cognitive and somatic trait anxiety scores using boxplot;
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(B) correlation between cognitive and somatic trait anxiety scores.

4.4.6.1Correlation between trait anxiety anddetection thresholds

The correlions between the trait anxiety scores atwtection thresholdsvere

30

}

evaluated along with group interactions. Even though there were no significant relationships

between theletection thresholdsnd the trait anxiety scores, a significant interaction nfige
(Figure 4.35) was observed in the relationship between the mechatatattion thresholds
and trait anxieties (cognitive, F (1,32) = 15.59% 0.0QL; somatic, F (1,32) = 5.469, =

0.026).
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Figure 4.35. The interaction of gender in the association between the mechanical threshold and trait

anxiety scores.

4.4.6.2Correlation between trait anxiety and ck:

20 (2 trait anxiety types * glof 10 stimulus intensities (4 intensities each for cold &
mechanical stimuli; 2 intensities for chemical stimuli)). Spearman correlation analyses were
conducted and there were no correlations or interactions of groups obsetwedrbthe trait
anxiety scores and.d

4.4.6.3Correlation between trait anxiety and bias:

There were 32 Spearman correlations (4 stimulus intensity* 4 criteria each * 2 trait
anxiety types) conducted between the trait anxiety scores and bias for mechanicatiand c
stimuli. 12 out of 64 correlation analyses conducted were significant with most of the
relationships observed fortké 6 s of col d sti mul i . @&ofcod abl e ob
subthreshold, threshold, 1.5x threshold, and 2x threshold stiwar negatively correlated
with the cognitive trait anxiety scoreBigure 4.36). Similarly, thecl of the cold threshold,
1.5x threshold, and 2x threshold stimuli were negatively correlated with the somatic trait
anxiety scoresHigure 4.37). There were 16 (2 stimulus intensity* 4 criteria each * 2 trait
anxiety types) relationships analyzed for chemical stimuli and there were no correlations

observed. The significant relationships are liste@iahle4-7.
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Similar to c, there were 80 correlation (32 cold, 32 mechanical and 16 chemical)
analyses conducted for naimd 5 significant relationships were observed. Thé andl 2b
of mechanical subhreshold stimuli were significantly correlated with cognitive trait anxiety
(4-6.37,p=0. 0 3 60,38, =0.033).1 il fof mechanical 2x threshold correlated with
somat i c tr &i38p=®&.024)il eltbfcold 45x%thresholdorrelated with somatic
trait arx8 et0021).1) rRiof cold 2x threshold correlated with somatic trait
anxi e4.85pFEP.634).
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Figure 4.36: Spearman correlation betweercl 6s of col d sti muli and cognitive
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Anxiety

o Stimulus type | Relationship between Spearman
type Criterion . ) ) )
. and intensity variables Correlations
(Trait)
N Cold _
Cognitive cl Negative =0.42,p = 0.033
subthreshold
N Cold .
Cognitive cl Negative =0.35,p = 0.039
threshold
N Cold _
Cognitive cl Negative =0.42,p=0.011
1.5x threshold
N Cold .
Cognitive cl Negative =0.34,p = 0.044
2x threshold
_ Cold _
Somatic cl Negative =0.47,p = 0.004
threshold
. Cold .
Somatic cl Negative =0.59,p < 0.001
1.5x threshold
. Cold .
Somatic cl Negative =0.47,p = 0.004
2x threshold
_ Cold _
Somatic c2 Negative =0.45,p = 0.007
1.5x threshold
. Cold N
Somatic c4 Positive = 0Op=0.619
subthreshold
_ Mechanical _
Somatic cl Negative =0.37,p = 0.027
1.5x threshold
_ Mechanical _
Somatic cl Negative =0.44,p = 0.007
2x threshold
_ Mechanical _
Somatic c2 Negative =0.34,p = 0.045
2x threshold

Table 4-7: List of significant correlations observed between the and trait anxiety scores.
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Figure 4.37: Spearman correlation between the somatic trait anxiety scesandcdé s of col d and

stimuli.
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4.4.7 Correlation between DM and trait-anxiety:

Spearman correlaticanalyses were conducted to evaluate the relationship between the
DM and trait anxiety scoresFigure 4.38). The vigilance scores were not significantly
correlated with any of the DM categories and trait anxiety scores. The cognitive trait anxiety
scores were significantly correlated withthe bypcle s s i n g p £Q.083), procragination
(}J = p<®5001) and hypepwx0.0§l) DMsooces. The somatiO trail 6 ,

anxiety scores were not correlated with DM scores.

Figure 4.38 Spearman orrelation between DM and trait anxiety scores.
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