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Abstract

Introduction:

The ocular surface is one of the most densely innervated superficial tissues of the human
body supplied extensively by autonomic and sensory nerve fibres. Studies have shown
that ocular surface sensory neurons respond to thermal, chemical and mechanical
stimuli, but investigation into the functional response of the autonomic nervous system
(ANS) to ocular surface stimulation is lacking. The ANS is cardinal to human
functioning as it acts below the level of consciousness to regulate the internal organs of
the body thus controlling secretory cells, smooth muscle and cardiac muscle. Within
the eye the ANS is responsible for the control of pupillary reflexes, accommodation
and regulation of blood flow, thus monitoring these mechanisms can provide
information about ANS functionality. The primary objective of this research was to
determine the response of the ANS to ocular surface stimuli by measuring pupil size,
conjunctival blood flow and accommodation changes after the delivery of noxious and
innocuous corneal stimuli.

Methods:

A computerised Belmonte pneumatic esthesiometer was used to determine detection
thresholds (using ascending method of limits), and to randomly deliver mechanical and
chemical stimuli from levels of detection threshold (100% threshold) to twice the
threshold (200% threshold) in 50% steps, to the central cornea of 43 healthy subjects,
aged 19 - 35 years. Statistical analyses were performed using SPSS (Chicago, SPSS
Inc.) and p < 0.05 was considered statistically significant.

Chapter 3: 15 participants enrolled in this study. For each suprathreshold stimulus a
spectrophotometer (Spectrascan650; Photoresearch Inc, Chatsworth, VA) was used to
measure ipsi- and contralateral redness before and after delivery of the corneal stimulus,
the change in redness represented the ocular vascular response to noxious stimuli.
Conjunctival redness between the stimulated and unstimulated eye was analyzed using
dependent t-tests. The effects of stimulus intensity and modality on conjunctival
redness were analyzed using repeated measures ANOVA. Tukey HSD tests were used
for all post hoc analysis.

Chapter 4: 15 participants were enrolled in this study. For each suprathreshold
stimulus, imaging of the stimulated and unstimulated eye was performed using two
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modified and calibrated Logitech ¢920 digital cameras (Logitech ¢920; Logitech
International S.A., Newark, CA), for 4 seconds before (pre-stimulus capture) and 4
seconds after the delivery of the stimulus (post-stimulus capture). The data were
processed with a custom segmentation algorithm to help identify the pupils and pupil
diameter (average of horizontal and vertical measures) was measured using ImagelJ
software (NIH, Bethesda, MD). Pupil dilation response differences between the ipsi-
and contralateral eye was analyzed using dependent t-tests. The effect of stimulus
intensity, modality and sex of subjects were analyzed using repeated measures
Chapter 5

13 participants were enrolled in Part A. For each suprathreshold stimulus the
accommaodative response at a sampling rate of 25Hz, over a 5 second period (while the
subjects fixated on a high contrast (85%) color cartoon frame at 66¢cm) prior to
(baseline) and after stimulus delivery was acquired with an eccentric infra-red (IR)
photorefractor (Power Refractor, Multi-channel Systems, Reutlingen, Germany). The
accommodative response for the left and right eye were averaged. Quantitative
differences in accommodative response, stimulus intensity and modality were analyzed
using repeated measures ANOVA.

The data used in Part B were acquired from the same subjects in Part A. The pupil
response (while the eyes were accommodating to a 66cm target) to ocular surface
stimulation was acquired using the same device and methods as in Part A. Quantitative
differences in pupil response, stimulus intensity and modality were analyzed using
repeated measures ANOVA.

Results:

Chapter 3

In mechanical and chemical stimulation experiments, the stimulated eye became redder
than the unstimulated eye (all dependent t-test p > 0.05). On average, redness increased
from baseline as the corneal stimulus intensity increased. This happened regardless of
whether mechanical or chemical stimulation occurred (ANOVA p < 0.05). At 200%
threshold, conjunctival redness was greater than all stimulus intensities (Tukey HSD,
all p < 0.05). There was a difference between chemical and mechanical stimulation
based on stimulus intensity (ANOVA p < 0.05), chemical stimulation produced greater
conjunctival redness than mechanical stimulation at all stimulation levels (all Tukey
HSD p < 0.05).



Chapter 4: In mechanical and chemical stimulation experiments, there was no
difference in pupil responses between the stimulated eye and the unstimulated eye, (all
dependent T-test p > 0.05). On average, pupil diameter increased from baseline as the
corneal stimulus intensity increased. This happened regardless of whether mechanical
or chemical stimulation occurred (ANOVA p < 0.05). At 200% threshold, pupil
diameter was greater than at all stimulus intensities (Tukey HSD, all p < 0.05). There
was a difference in pupil diameter between male and female subjects based on stimulus
intensity (ANOVA p < 0.05); females had greater pupil diameters than males at levels
of 150% threshold and 200% threshold (all Tukey HSD p < 0.05).

Chapter 5

Part A: On average, accommodation increased from baseline as the corneal stimulus
intensity increased. This happened regardless of whether mechanical or chemical
stimulation occurred (ANOVA p < 0.05). At 200% threshold, accommodation was
greater than all stimulus intensities (Tukey HSD, all p < 0.05). There was no difference
in accommodation between chemical and mechanical stimulation based on stimulus
intensity.

Part B: On average, pupil constriction response (during accommodation) was different
between baseline and 200% threshold but there was no dose dependent pupil response
to ocular surface stimulation. This happened regardless of whether mechanical or
chemical stimulation occurred (ANOVA p < 0.05). There was no difference in pupil
response between chemical and mechanical stimulation based on stimulus intensity
(ANOVA p > 0.05).

Conclusion:

Suprathreshold stimulation of the cornea appears to evoke dose dependent autonomic
responses in the pupils, conjunctival vasculature and the accommodative mechanism.
These autonomic measures are accessible, relative easy and cost effective to acquire.
The components that respond to noxious corneal stimulation are linked in a homeostatic
loop of complex sympathetic, parasympathetic and sensory neural control and
therefore, understanding the characteristics of the local stimulus-response neural
circuitry relating nociceptive stimuli to autonomic nervous functionality is important.
It also promises the development of clinical procedures and instruments to better
understand how these neural responses are impacted by pain.
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Chapter 1

Literature Review

1.1 Introduction

The ocular surface comprises the cornea and its key support tissue, the conjunctiva. In a
wider anatomical and physiological sense, the tear film, Meibomian glands and the ocular
mucosal adnexa (i.e., the lacrimal gland and the lacrimal drainage system) also contribute

to the ocular surface[1].

1.2 The Cornea

The cornea is the transparent avascular part of the eye that plays a cardinal role in ocular
refraction and acts as a protective mechanism. Anteriorly to posteriorly, the cornea is made
up of five major layers: epithelium, Bowman’s layer, stroma, Descemet’s Layer and the

endothelial layer[2].

1.2.1 Corneal Epithelium

The outermost layer of the cornea is known as the epithelium. It borders the Bowman’s
layer and the tear film. The epithelial part of the cornea is approximately 55 pum thick[3].
It is thicker inferiorly, thinner superiorly and thicker nasally than temporally[4]. It is made
up of a basal cell layer and about four to five layers of non-keratinized, tiled squamous
cells which are bound together by occluding junctions. These tight junctions form an

efficient barrier against disease-causing microorganisms and the loss of fluid.



Superficially, the corneal epithelium has two to three layers of flattened squamous cells,

and a few layers of wing cells bordered by a layer of columnar basal cells[5].

1.2.2 Bowman’s Layer

The Bowman’s layer is a thin layer separating the corneal epithelium from the stroma. The
central Bowman's layer thickness is approximately 17um, and it remains constant from the
center to the mid-periphery. The thicknesses at the nasal and temporal periphery is 20 um
and 19 um respectively, and comprises collagen fibrils found in random distribution[6].
Damage to the Bowman’s layer can lead to adherence of the corneal epithelium to the
stroma which results in the disruption of the structural integrity of the ocular surface. It is
thus evident that this membrane is important in the support and maintenance of corneal

structure[7].

1.2.3 Corneal Stroma

The stroma is predominantly composed of collagen, glycoprotein and water. The stroma
takes up about 90% of the total volume of the cornea[8]. It has the tendency to take in fluid
and keeps the cornea transparent at all times through the process of controlled dehydration.
However, there are times where the cornea can lose transparency. This occurs when there
is disruption of the cellular limiting layers which in turn leads to the inflow of fluids that
affects the orderly arrangement of stromal lamellae and causes an increase in the scattering
of light. Intrusion of the stromal lamellae by immune cells such as macrophages tends to

reduce the transparency of the cornea as well.[9].



1.2.4 Descemet’s Membrane

The Descemet’s membrane is a thick basement membrane measuring about 5—10 um in
thickness. It is a bi-layered membrane with the anterior layer made up of a mixture of
proteoglycans and collagen lamellae. The posterior layer is glassy in appearance and is

produced by the endothelium cells below it[10].

1.2.5 Corneal Endothelium

The corneal endothelium is a single layer consisting of hexagonal cells that do not have the
ability to regenerate. The normal density of corneal endothelial cells in adults is
approximately 2500 cells/fmm? and it is reduced by about 0.6% yearly[11]. The
endothelium performs an essential function of maintaining the hydration of the cornea by
imbibing water and other substances[12]. When the endothelial cells’ density is reduced to
approximately 800 cells/mm?, it may lead to corneal decompensation, causing corneal
edema and loss of corneal transparency, which disrupts vision. Similarly, the reduced
numbers of endothelial cells leads to increased size to compensate for the lost cells[13].
Through the use of an active adenosine triphosphate (ATP) and bicarbonate-dependent
pump, the endothelium regulates the cornea’s state of hydration thus helping to keep the
cornea clear at all times[14]. For nourishment, nutrients pass through the endothelium via

simple and facilitated diffusion[12].

1.3 The Conjunctiva

The conjunctiva forms a border to the margin of the cornea and eyelids and lines the eyeball

at the sclera. It overlays the sclera up to the 1.5 mm transition zone between the cornea and



the conjunctiva known as the limbus[15]. Six or more layers of non-keratinized columnar
and cuboidal cells can be found in the conjunctiva and towards the fornix there can be up
to 12 cell layers. There are mucus apocrine gland cells known as goblet cells found among
the epithelial cells of the conjunctiva[16]. Feng and Simpson[3] showed the human
conjunctival epithelial thickness to be around 44.9 = 3.4 um (mean + SD) and other

research suggests the conjunctiva stromal thickness measurements are around 197 um[17].

The conjunctiva is divided into 3 parts: bulbar conjunctiva, palpebral conjunctiva and

forniceal conjunctiva.

1.3.1 Bulbar Conjunctiva

The bulbar conjunctiva consists of a layered secretory epithelium interfaced with a
basement membrane overlaying the substantia propria which is a vascularized connective
tissue substrate. The substantia propria is a highly vascularized, loose connective

tissue[18].

Cuboidal epithelial cells, Langerhans cells, goblet cells, lymphocytes and melanocytes, are
some the cell types found in the bulbar conjunctiva which is about six layers in
thickness[19]. Apical cell junctions, desmosomes and gap junctions control what

permeates the conjunctiva[17, 20].

Parasympathetic activation causes the release of granules from mucous-secreting goblet
cells that constitute about 5-15% of the conjunctival epithelial basal cells[20]. The highest

density of goblet cells occurs in the inferior nasal bulbar conjunctiva and tarsal conjunctiva.



The bulbar conjunctiva is inferiorly bordered by and loosely attached to Tenon’s capsule.
There is a more rigid attachment of the conjunctiva to Tenon’s fascia as we approach the
limbus. In this region, the epithelium gradually changes to flatter and less cuboidal
epithelial cell morphology. Once the bulbar conjunctiva transitions into the limbus,
radiating folds known as the palisades of VVogt can be observed, the stem cells of the cornea

can be found in this location[21, 22].

1.3.2 Palpebral Conjunctiva

The lining of the posterior surface of the eyelids is known as the palpebral conjunctiva. It
consists of three major parts: 1) the marginal conjunctiva - this stretches from eyelid margin
to the tarsus, 2) the sub-tarsal conjunctiva that covers the tarsal plate and 3) the orbital

conjunctiva that stretches from the tarsus to the fornix[5].

1.4 Tears

The precorneal tear film consists of three major layers that collectively work to help
maintain the optical quality of the eye, it also coats the ocular surface providing a protective
function[23]. The three layers are the aqueous, lipid and mucous layers. The aqueous layer
is the middle component of this tri-layer complex, it is produced by the lacrimal gland and
forms a protective barrier against microorganisms and regulates the osmotic pressure of
the tears. The lipid layer is produced by the Meibomian glands and overlays the aqueous
layer, proving a hydrophobic barrier for the tears[24]. The mucous layer is closest to the
corneal epithelium, it is supplied by the goblet cells of the conjunctiva and is responsible

for the hydrophilic components of the tear film[25].
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1.4.1 Tear Production

There are several factors that can influence the production of tears. The production of tears
can be grouped into psycho-emotional, basal and reflex tearing. Psycho-emotional tears are
the tears one experiences in emotional states such as sadness, anger or happiness. Basal
tears are in constant production and are responsible for keeping the eyes lubricated and
nourished always. Reflex tearing is the tear production associated with irritation of the

ocular surface[26].

1.4.2 Lacrimal Glands

The lacrimal gland is divided into two lobes (the orbital and palpebral lobes) by the lateral

horn of the levator aponeurosis[27].

The lacrimal gland develops from the outgrowth of the pouch conjunctiva, while the
adnexal accessory glands develop after the main lacrimal glands form[28]. The lacrimal
gland produces water, electrolytes and proteins for the tear film. While the protein
component is synthesized by the lacrimal gland itself, the water and electrolyte components
originate from the blood supply and travel across the apical membrane into the duct system

of the lacrimal gland[29].

1.4.3 Accessory Lacrimal Glands

The glands of Wolfring and Krause are accessory glands found towards the superior fornix
of the conjunctiva. They are smaller than the lacrimal gland but also produce water,
electrolytes and proteins that are secreted as part of the tears. These glands form part of the

lacrimal system. [27].



1.4.4 Meibomian Glands

The Meibomian or tarsal glands are large, secretory structures found within the tarsal plate
of the eyelids. On average, there are about 32 glands in the superior eyelid while about 25
can be found in the inferior eyelid[2]. The secretion produced by the tarsal glands are oily
due to a high lipid content. A few substances that make up this oily secretion includes, but
is not limited to sterols, waxy esters, fatty acids and cholesterol[30]. The secretions from
the Meibomian gland forms the lipid layer of the tear film and is responsible for the

prevention of evaporation of water from the tear film[30].

1.5 Ocular Surface Innervation

The cornea is one of the most densely innervated structures in the human body and the
nerve branches supplying the cornea are derived from the cranial nerve (V) also known as
the trigeminal nerve[31]. The cell bodies of the neurons of the trigeminal nerve aggregate
to form the gasserian or semilunar ganglion which is located just adjacent to the brainstem.
The semilunar ganglion has two major roots, the motor and sensory roots and these bundles
of nerve fiber connect the ganglion directly to the brainstem. The trigeminal nerve, as its
name “tri” indicates, has three major branches; the ophthalmic (V1), maxillary (V2) and
mandibular (\V3) branches. With the exception of the optic nerve all sensory neurons of the
eye are linked with the ophthalmic branch of the trigeminal nerve. The ophthalmic division
splits into three branches, namely the frontal, lacrimal and nasociliary nerves. The
nasociliary nerve is responsible for the transmission of all the somatosensory information
that leaves the eye[13]. The nasociliary nerve is divided into the long and short ciliary

nerves and collectively these nerves contain sympathetic, parasympathetic and sensory
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fibers. All these fibers leave the eye through the sclera in close approximation to the optic
nerve and aggregate at the ciliary ganglion which is about 10mm behind the eye. Sensory
receptors on the cornea, conjunctiva and parts of the sclera all converge to form the long

ciliary nerve[32].

Impulses from the trigeminal ganglion cells are transmitted by the ophthalmic division of
the trigeminal nerve[2]. After exiting the trigeminal ganglion cells, nerve fibers travel
suprachoroidally and branch to form nerve bundles that come to rest uniformly around the

corneoscleral limbus to form the limbal plexus[32].

The nerve fibers in the transition zone from conjunctiva to cornea then lose their myelin
sheath as they enter the cornea, traveling parallel to the ocular surface. At this point, these
nerve fibers make a degree turn and the majority of the fibers proceed towards the
outermost layer of the cornea, the epithelium. However, there are some nerve fibers that

end up in the stroma of the cornea[13].

The lacrimal gland is innervated by autonomic and sensory bundles[33]. There is an
unequal autonomic innervation to the lacrimal gland because there is a greater
parasympathetic supply in comparison to sympathetic input.

The sympathetic pathway to the lacrimal gland can be traced from the preganglionic
neurons in the ciliospinal center of Budge (segments C8 to T2 of the spinal cord). The
nerve fibers from this region project to the superior cervical ganglion via the sympathetic
trunk. At this point the sympathetic fibers join parasympathetic nerves and travel through
the pterygopalatine ganglion. They finally terminal in the lacrimal gland via the zygomatic
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division of the second branch of the trigeminal nerve (V2)[2]. The sympathetic pathway in
the lacrimal gland innervates smooth muscle and small blood vessels within the gland[5].
The preganglionic parasympathetic supply to the lacrimal gland begins at the level of the
pons where the lacrimal nucleus is located. The nerve fibers then project towards the
sphenopalatine ganglion (or pterygopalatine ganglion) via branches of the facial nerve
known as the superficial and deep petrosal nerves. Upon reaching the pterygopalatine
ganglion the nerves synapse and postganglionic fibers then head to the lacrimal gland by
passing through the maxillary branch of the trigeminal nerve[33]. The axons continue their
journey from the maxillary nerve through the zygomatico-temporal nerve where
communicating branches carry the axons to join the lacrimal nerve. The axons finally
terminate in secretary cells of the lacrimal gland and also on blood vessels within this
area[34]. Acetylcholine and vasoactive intestinal peptide (VIP) are the main
neurotransmitters for the parasympathetic lacrimal gland activity. While acetylcholine
binds to M3 muscarinic receptors, VIP binds to VIP receptors, all located in the cellular
membranes of the glandular acinar cells[34].

Sensory fibers innervate the lacrimal gland via the lacrimal branch of the ophthalmic
division of the trigeminal nerve. Substance P and calcitonin gene-related peptide are

released from the sensory receptors found on the lacrimal nerve causing lacrimation[35].

1.5.1 Conjunctival Innervation

As mentioned above the conjunctiva is extensively supplied by the ophthalmic division of

the fifth cranial nerve. Sensory neurons from the conjunctiva are the terminals of branches



of the lacrimal nerve, the frontal nerve (supratrochlear and infraorbital divisions), and the
nasociliary nerve (infratrochlear division). These nerves also constitute a majority of the
innervation of the eyelid[36]. There is evidence some of the neurons in the conjunctiva can
also be traced to nerves that branch off the second division of the trigeminal nerve,
specifically the infraorbital nerve but this is only on studies done in monkeys[37]. Finally,
the rest of the neurons in the conjunctiva, especially towards the limbus, are innervated by
autonomic and sensory bundles from the ciliary nerve. Most of these bundles end up as
free unmyelinated nerve endings in the conjunctiva and together they form the sub-
epithelial plexus which can be found more anteriorly in the substantia propria of the

conjunctival36].

1.6 Functions of Ocular Surface Neurons

The cornea is one of the most densely innervated superficial tissues of the human body
supplied extensively by sensory and autonomic nerve fibers. There is a greater supply of
parasympathetic fibers in the cornea in comparison to sympathetic fibers. The nerve supply
of the cornea and conjunctiva consists of a small number of primary sensory neurons
located in the ciliary ganglion and their population is approximately 1.5% of the total
number of neurons of the ganglion. As mentioned earlier, the axons reach the cornea via

the long and short ciliary nerves[32, 38-40].

Depending on the existence and thickness of myelin sheath, corneal neurons can be
grouped into myelinated A-delta type neurons and unmyelinated C-type corneal

neurons[41]. The size of the myelin sheath influences the conduction velocity of nerve
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impulses from the cornea to the central nervous system (CNS). The conduction velocity is

higher in the axons of neurons of A-delta type fibers[42-44].

1.6.1 Mechano-sensory, Polymodal and Cold Sensitive Neurons

The three functional types of neurons that can be found within the cornea are mechano-
sensory (mechanonociceptors), polymodal and cold sensitive neurons (Figure A).
Mechanonociceptors, which make up about 20% of the corneal neurons, respond to
mechanical forces sufficient to damage corneal epithelial cells[45]. Corneal
mechanonociceptors are most likely responsible for the sharp painful feeling produced by
any mechanical contact with the surface of the cornea similar to that experienced in the

skin[46] and tooth pulp[47].

Polymodal nociceptors are the main source of nerve impulse activity that is caused by
mechanical and chemical irritation, heat and damaging cold[39, 43-45, 48, 49].
Approximately 70% of corneal sensory receptors are polymodal nociceptors [39, 42, 45].
Polymodal nociceptors are activated when exposed to temperatures above 39°C[45, 48,
50]. Polymodal nociceptors respond to many endogenous chemicals released by
inflammatory cells on the ocular surface such as protons, potassium ions, prostaglandins
and arachidonic acid metabolites, amines, cytokines, and kinins[51]. During the stages of
inflammation, locally released mediators stimulate the polymodal nociceptors, leading to
an incessant firing which produces feelings of pain[32, 42]. Polymodal nociceptors respond

to their activating stimuli with a continuous but irregular discharge of impulses that
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continue if the stimulus is sustained. The impulse discharge of polymodal nociceptors

signals the presence of a noxious stimulus and encodes its intensity and duration.

Cold-sensitive receptors represent about 10-15% of the total population of corneal
nociceptors[52, 53]. They discharge spontaneously at rest and increase their firing rate
when the temperature of the corneal surface decreases (below 33.8C) and they appear to
be momentarily silent upon warming[54-56]. It has been suggested that the increase in
firing rate when the temperature of the cornea drops is due to evaporation at the corneal
surface, the application of cold solutions or the blowing of cold air on the cornea[54-56].
Cold receptors can detect and process a change in minute temperature variations of 0.18C
or less, thus allowing the perception of corneal temperature reductions of that magnitude

as a conscious sensation of cooling[49, 55-58].
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Figure A: The path travelled by nerves in the cornea (above). Impulse activity of
functional types of neurons that can be found in the cornea (below).
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Receptive fields are areas of ocular surface tissue that are innervated by sensory fibers
arriving from the ophthalmic division of the trigeminal nerve[42]. When a receptive field
is activated, there is firing of nerve impulses due to depolarization of the nerve terminals.
Mechanonociceptors and polymodal nociceptors have large receptive fields within the
cornea and, to some extent, the episclera[51, 59]. Cold receptors on the other hand have
fewer receptive fields in the cornea though even smaller cold sensing receptor fields can

be found in the region of the limbus[56, 60].

1.6.2 Sensations arising from the ocular surface

When delivering mechanical, chemical or thermal stimulation to the ocular surface,
irritation and cold are the major sensations experienced[61-63]. The possible activation of
Ad mechanosensory and polymodal nociceptors results in a scratchy and irritating acute
sensation while the application of chemical stimuli decreases corneal pH and results in an
unpleasant burning and stinging pain that lasts longer even after removal of the stimulus.
The sensations involving thermal stimulation have been described with words such as

irritating, warmth and cooling[42, 44, 48, 62, 64].

1.7 The Autonomic Nervous System

The human nervous system is made up of the CNS and the peripheral nervous system
(PNS). Together, the brain and the spinal cord form the CNS which in turn controls the
whole body through the peripheral somatic and autonomic nervous system[65]. The
nervous system interacts with the body and surrounding environments to bring about

adaptive behavior[66].
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The autonomic nervous system (ANS) consists of a group of nerves and nerve cells that
control various processes in the body[67]. The ANS is divided into three major parts: the
sympathetic nervous system, parasympathetic nervous system and enteric nervous
system[68]. The enteric nervous system contains the only group of neurons outside the
CNS which forms circuits that are able to bring about autonomic reflex activity[69]. Some
of the body functions controlled by the ANS include breathing, blood pressure, urination,
defecation, sexual response, digestion, body temperature, production of body fluids,

balance of water and electrolytes and metabolism[70].

The ANS is controlled by a part of the brain called the hypothalamus[68]. The ANS
regulates various ocular functions like pupil dilatation, pupillary constriction and
accommodation. These functions are performed by the eye’s intrinsic muscles found in the
ciliary body and the iris, and the nerve supply to these structures is by post ganglionic fibers
of the superior cervical ganglion[71]. The ANS also influences ocular blood flow, which
is controlled through innervation of the optic nerve vasculature, retina, choroid, ciliary

body and the iris[72].

1.7.1 The Pupils

While the primary function of the pupillary reflex is to regulate the amount of light entering
the eye, there are various cognitive processes which result in dilation of the pupil including:
habituation, sexual and political preference, fatigue, and level of mental effort[73]. A study
conducted by Steinhauer et al.[74], revealed that there is a significant effect of sustained

tasks on pupil diameter. This study, conducted on human subjects, revealed that sustained
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difficult tasks cause an inhibition on the parasympathetic pathway, resulting in pupillary
dilation. Other experiments have suggested that the pupil diameter tends to enlarge with

increasing task demand and pain[73, 75-77].

Children with autism have been found to have restricted pupillary constriction, suggesting
that there is lower parasympathetic modulation[78]. Individuals who experience migraines
have been found to have altered pupillary responses; subtle sympathetic and
parasympathetic abnormalities in the pupil during the migraine have been shown to
exist[79]. Amblyopic patients have also been shown to have delayed pupillary

responses[80].

1.7.2 Pupillary light reflex

The integrity of the visual system can be assessed often by the pupillary light reflex[81].
Photic stimulation of rods and cones in the outer retina initiates the pupillary light
reflex[82]. The balance between the sympathetic and the parasympathetic system input will
determine the pupillary response. For example, an increased parasympathetic innervation
will cause a resultant pupillary constriction while a decreased innervation will result in

pupillary dilatation[83].

Pupillary constriction is achieved through parasympathetic connection via the sphincter
muscles while pupillary dilatation is achieved through a sympathetic pathway to dilator
muscles[84]. Photosensitive cells containing melanopsin have been found under retinal
ganglion cells. According to Do and Yau (2010), “these intrinsically photosensitive retinal

ganglion cells (ipRGC’s) comprise approximately 2 percent of overall RGC population and
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project to areas of the brain that regulate non imaging forming functions to light”[82].
These functions include pupillary light reflex and circadian related actions such as
modulation of sleep-wake states, sudden suppression of melatonin and photo

entrainment[82].

The retinal ganglion cells (RGC) have been thought to mediate the afferent branch of the
pupillary light reflex where melanopsin is the photosensitive pigment[85]. The activation
of RGCs that contain melanopsin is not only intrinsic but also extrinsic, through the

activation of rods and cones in the outer retina[86].

The input to intrinsically photosensitive retinal ganglion cells in normal retina is
predominantly from rod and cone photoreceptors. By themselves, ipRGCs have been
shown to modulate sustained pupillary size in response to different light levels[82]. Genetic
removal of ipRGCs in mice eliminates the pupillary response to light, which indicates that
the melanopsin ipRGCs serve as a required channel for transmission of impulses to reach

the olivary pretectal nucleus[85].

The afferent nerve fibers extend from the retina to the midbrain at the pretectal nucleus.
These nerve fibers move along the optic nerve via the optic chiasma where nerve fibers
coming from nasal retina decussate and thus move along the opposite optic tract to

terminate at the contralateral pretectal nucleus[5].

The nerve fibers coming from the temporal retina terminate at the ipsilateral pretectal

nucleus. These nerve fibers remain uncrossed thus travelling at the same side of the optic
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tract and each pretectal nucleus is connected with Edinger-Westphal nucleus of both sides.

The basis of consensual light reflex lies in this connection[87].

Preganglionic fibers in the ventrosegmental and anterio-medial nucleus make up the
efferent pathway of the pupillary light response[82]. These fibers arise from the midbrain
area and travel along the oculomotor nerve[5]. The preganglionic nerve fibers leave the
mesencephalon traveling via the inferior division of the ocular oculomotor nerve (Il
cranial nerve) to the ciliary ganglion. The oculomotor nerve also contains motor fibers that
innervate skeletal muscles which control eyelids and eye movement[82]. At the level of
the ciliary ganglion, motor fibers separate. The sphincter papillae is innervated by post

ganglionic nerve fibers that travel along the short ciliary nerves[5].

Smooth muscles of the mammalian iris are normally under autonomic control with the iris
sphincter muscles being modulated by the neurotransmitter acetylcholine and the iris

dilator muscles being modulated by the neurotransmitter norepinephrine[5].

1.8 Accommodation

Accommodation is the eye’s ability to alter its refractive power to bring closer items into
focus on the retina. As primates age, the eyes ability to carry out this task reduces[88] and

one experiences the complete loss of accommodation by the age of 55[89].

In the accommodative state, the ciliary muscle contracts causing the suspensory zonules of
Zinn to relax, which in turn causes the crystalline lens to take a more convex shape, the
dioptric power of the eye. In disaccommodation the opposite occurs and the lens assumes

a flatter shape[90].
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As is typical, the accommodative mechanism contains an afferent and efferent pathway.
Accommodation is a reflex that is visually guided and so, requires a visual stimulus for it
to normally occur. The optic nerve constitutes the afferent pathway of the accommodative
mechanism. The preganglionic neurons of the Edinger-Westphal nucleus sends impulses
to the ciliary ganglion and from the ciliary ganglion, the impulses travel towards the ciliary
muscle forming the efferent pathway[91]. Accommodative control in humans is primarily
driven by the oculomotor nerve’s parasympathetic innervation of the ciliary muscle.
Positive accommodation of up to 20 diopters is modulated by the action of the
neurotransmitter acetylcholine on post-synaptic muscarinic (M3) receptors on ciliary
smooth muscle and tends to occur in 1 second or less[92]. Contrary to previous ideas that
the sympathetic arm of the ANS had no role in accommodation, research indicates that
sympathetic innervation causes an inhibitory effect on the parasympathetic activity and
influences accommodation at far by up to 1.5 diopters[93]. This action is primarily
modulated by neurotransmitter noradrenaline on b2 receptors in ciliary smooth muscle and

tends to occur much more slowly (10 — 40 seconds)[91, 94].

1.9 Innervation of the Conjunctiva

As mentioned above, the conjunctiva is supplied by the ophthalmic division of the fifth
cranial nerve. Sensory neurons from the conjunctiva are the terminals of branches of the
lacrimal nerve, the frontal nerve (supratrochlear and infraorbital divisions) and the
nasociliary nerve (infratochlear division). These nerves also constitute a majority of the

innervation of the eyelid[36]. Some of the neurons in the conjunctiva can also be traced to
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nerves that branch off the second division of the trigeminal nerve, specifically the
infraorbital nerve[2]. Finally, the rest of the neurons in the conjunctiva, especially towards
the limbus, are by autonomic and sensory bundles from the ciliary nerve. Most of these
bundles end up as free unmyelinated nerve endings in the conjunctiva and together they
form the sub-epithelial plexus which can be found more anteriorly in the substantia propria
of the conjunctiva. The nerves from the sub-epithelial plexus eventually terminate on the

blood vessels in the conjunctiva, on epithelial cells or end up as sensory receptors[36].

1.10 Pain

The International Association for the Study of Pain has defined pain as, “an unpleasant
sensory and emotional experience associated with actual or potential tissue damage, or
described in terms of such damage”[95]. The word “pain” has also been used to describe
the experiences associated with discomfort and other unpleasant feelings. Williams and
Craig[96] have recently worked on an updated definition of pain to be, “a distressing
experience associated with actual or potential tissue damage with sensory, emotional,
cognitive, and social components.” Whichever definition one may be inclined to use, it is
clear that pain is subjective and has an affective dimension as well as elements of bodily

sensation[96].

1.10.1 History of Pain

Ideas about pain have been in existence for centuries. However, towards the end of the
nineteen century there were three dominant, yet opposing, views of pain. One of the views,

which had its origins from ancient philosophy, implied that pain was an emotion[97].
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Avicenna (AD 980 — 1037) proposed that pain was a specific sensation which has its own
sensory processing organs[98]. The third view about pain within that era was proposed by
Erb (1874). He believed that pain was as a result of intense activation of afferent systems
that serve other sensations. Psychologists and some physicians followed this theory[99]. In
the 1900s, Sherrington suggested the existence of the nociceptor, free nerve endings of
nerve fibers, activated by stimuli, capable of causing damage to the tissues[100]. Other
suggestions about pain were discussed by Hardy, Wolff and Goodell[101], who proposed
that pain consists of sensory components related to the stimulation of sensory nerve
terminals and processing components embodying distress and emotional reactions.
Beecher (1957), proposed a similar concept but used the terms “primary” and “secondary”
pain components for the sensory and emotional representation of pain respectively.
Tursky[102] introduced sensory (qualitative), intensity (quantitative), and reactive (agony,
distress) components of pain. Melzack and Casey[103] suggested an interactive model and
further described pain in terms of three hierarchical levels: a sensory-discriminative
component (e.g., quality, intensity, location), a cognitive-evaluative component (e.g.,
thoughts due to the cause and significance of the pain), and a motivational-affective
component (e.g., depression, anxiety)[103]. In summary, from the numerous ideas about
pain, it is evident that pain consists of sensory, emotional, and cognitive dimensions that

contribute to the transmission and modulation of painful stimuli.

Pain plays an important physiological role as it provides the body with a warning of

potential or actual damage[104]. Pain can be divided into four major groups: nociceptive,
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psychogenic, neuropathic, and idiopathic[105]. Nociceptive pain is usually as a
consequence of injury and results from the activation of pain-sensing afferents of the
sensory system by harmful stimuli. We are able to measure nociceptive pain through
methods applied in sensory physiology[104, 105]. Psychogenic pain, also termed
psychalgia, occurs when pain is mainly sustained by psychological influence which may
include mental, behavioral or emotional factors[106]. Examples of psychogenic pain
include some headache and back pain. Neuropathic pain occurs due to direct injury or
disease of the CNS or the peripheral nerves[107]. The pain can sometimes be
disproportionate to the degree of tissue damage. On occasion, neuropathic pain serves no
protective function as it can occur without nociception[107]. Finally, idiopathic pain exists
when there is no evidence as to the etiology of pain or lack of reasonable inferences about
the supporting pathophysiology of pain[108]. It is not uncommon to have a mixture of
nociceptive and neuropathic pain, a phenomenon which has been described as mixed

pain[109].

1.10.2 Transmission of Pain

Nociceptors are sensory receptors that are involved in the detection of noxious (harmful)
stimuli. They transform the unpleasant stimuli into electrical signals, which are then
conducted to the CNS. Nociceptors are the free nerve endings of primary afferent A-delta
and C fibers. They are distributed throughout the body (skin, viscera, muscles joints,
meninges) and can be stimulated by mechanical, thermal or chemical stimuli. An example

of mechanical stimulation is pressure and an example of thermal stimulation is extreme
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heat. Chemical stimuli, which may include inflammatory mediators such as bradykinin,
serotonin, prostaglandins, cytokines, and H+, are released from damaged tissue and can
stimulate nociceptors directly. They can also act to reduce the activation threshold of
nociceptors so that the stimulation required to cause activation is less. This process is called

primary sensitization[110].

There are four major processes involved in nociception: transduction, transmission,
perception and modulation. Transduction begins when nociceptors of A-delta and C fibers
of primary afferent neurons respond to noxious stimuli such as mechanical, chemical or
thermal stimulation[111]. The noxious stimulation causes a release of chemical mediators
from the affected cells. These mediators include, but are not limited to, prostaglandin,
bradykinin, substance P, serotonin, histamine and potassium. The release of these
mediators leads to the exchange of sodium and potassium ions (de-polarization and re-
polarization) at the cellular membrane level and this results in an action potential and
generation of a pain impulse[112]. Transduction can also occur directly through transducer
channels. For example, heat acts directly on capsaicin channels to alter potassium ions and
cyclic GMP. Other transducer channels that can cause an action potential that leads to a
pain impulse include acid-sensing ion channels (contributes to chemical sensitivity) and

the mechanically sensitive ion channel, Piezo2.

The general transmission of a pain impulse can be divided in three major stages, which
begins with the transduction of pain impulses from the nociceptors to electrical signals and

conduction of the electrical information along the A-delta and C nociceptor nerve fibers to
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dorsal horn of the spinal cord. The nociceptor fibers terminate at the dorsal horn of the
spinal cord where a synaptic cleft can be found between the fibers and the nociceptive
dorsal horn neurons (NDHN)[111]. Excitatory neurotransmitters such as ATP, glutamate,
bradykinin, nitric oxide, substance P and calcitonin gene related peptides (CGRP), are
released to cause the transmission of the pain impulse across the synaptic cleft. The second
stage involves the transmission of the pain impulse from the NDHN to the brain stem via
two major ascending pathways, the spinothalamic pathway and the spinoparabrachial
pathway. The final stage of pain transmission involves the impulse moving through the

cortex, thalamus and higher levels of the brain[113].

1.10.3 Trigeminal Pathway

The trigeminal pathway involves the transmission of noxious stimuli from the region of
the face via the nerve fibers originating from the nerve cells in the maxillary and
ophthalmic regions of the trigeminal ganglion, and cranial nuclei VII, IX, and X[104]. The
nerve fibers enter the brainstem and travel towards the medulla, where they innervate a
subdivision of the trigeminal nuclear complex. From the trigeminal nuclear complex, the
nerve fibers ascend and enter the thalamus on the contra lateral side. From the thalamus,

the trigeminal information is sent to the primary sensory cortex[104].

1.11 Psychophysical Techniques
In 1860, Fechner[114] came up with the term “psychophysics” that describes the

relationship between ‘stimulus’ in the physical dimension and ‘sensation’ in the

psychological dimension. The development of psychophysics paved the way for the
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identification of the relationship between the internal sensory events and perceptual

responses to the external stimuli[115].

One of the basic functions of a sensory system is to identify and distinguish between energy
changes within the environment. Thresholds are boundary values in the stimulus
continuum that indicate the existence of a stimulus or a difference in the stimulus response
[115]. Thresholds can be divided into: 1) Absolute (or detection) threshold (RL) which
indicates the presence of the stimulus and 2) Difference thresholds (DL) which refer to the
change in the stimulus. Sensory threshold measurements play a crucial role in the valuation

of any sensory system.

Absolute threshold is defined as the smallest amount of stimulus intensity needed to
produce a sensation or the stimulus intensity required to detect that stimulus 50% of the
time[116]. When a sensory threshold is reached, the stimulus needs to be increased or
decreased by a certain amount to sense a change in the sensation produced by the stimulus.
The amount of change in a stimulus (Ag) required to produce a just noticeable (sensory)
difference (JND) is called the difference threshold[116]. A larger change (Ao) is needed to
identify changes in greater intensity stimuli than that of lower stimuli intensities. According
to Weber’s law[116], “the increase or decrease in the intensity of the stimuli that is just
noticeably different (A@) is always a constant fraction (c) of the starting intensity of the
stimulus (¢)”. Weber’s law holds for a range of the intensities. However, Weber’s fraction
tends to be high at lower stimulus intensities, possibly because of the noise in the sensory

system or the stimulus.
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Thresholds vary with time due to external and internal sources[117]. Hence, several
measurements of the threshold value are typically averaged to estimate the sensory
threshold. External sources of variation can be due to the random fluctuations in the
stimulus itself or the environment/experimental settings in which the test is conducted.
Internally, noise in the neurological system can be one of the contributors to the variations,

along with other factors like psychological biases and attention[116].

1.12 Classical methods of psychophysical measurement

1.12.1 Method of Adjustments

The method of adjustments is a simple and fast way to identify absolute and difference
thresholds. In this procedure the participant alters the stimulus intensity until it is just
perceived or until it becomes just imperceptible (ascending and descending absolute
thresholds, respectively) or appears to be just noticeably different from some other standard
stimulus (when performing difference threshold measurements)[117]. The intensity of the
stimulus at this point is the subject’s threshold. Ideally, the two kinds of measurement, that
Is, the trials in which the stimulus intensity is decreased (descending trials) and the trials
of increasing stimulus intensity (ascending trials), are swapped several times and the results

are averaged to attain the threshold estimate[118].

1.12.2 Method of Limits

In comparison to some of the classical methods of psychophysical measurements, the
method of limits is less time consuming[119]. When performing the method of limits,

stimuli well above or below the threshold are presented and their intensities are
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successively changed in small, equal amounts until the boundary of sensation is obtained.
[119]. The stimuli are typically presented numerous times in a descending or ascending
manner. The initial stimulus intensity is well above threshold when using the descending
series trial, the intensity is then decreased in equal interval steps until it can no longer be
perceived. For an ascending series trial, the initial stimulus intensity is below threshold and
the intensity is increased until the presence of the sensation is communicated by the
observer. The series comes to an end when the transition point in sensation is obtained.
Ascending and descending series most likely yield slight but systematic variances in
thresholds[119], thus the two types of series are often applied in alternation and the results

are averaged to attain the threshold estimate.

When it comes to determining the difference threshold using the method of limits, a
standard and comparison stimulus is presented concurrently or sequentially. While the
intensity of the standard stimulus is kept the same, the intensity of the comparison stimulus
is altered in small steps. The comparison stimulus is either initially less (ascending series)
or initially greater (descending series) in magnitude than the standard. A series ends when
the subject’s response switches from “lesser” to “greater” or vice versa. The difference
threshold is then the intensity difference between the stimuli of the first trial on which the
response differs from the previous one[119].

Two types of errors that can be encountered when using the method of limit are error of
expectation and error of habituation[119]. The error of expectation happens when the

observer anticipates the arrival of the stimulus and reports the change in sensation before
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it occurs. When the error of expectation occurs in ascending trials, the thresholds are falsely
low, and vice versa in descending trials. The error of habituation happens when the
observer develops an inclination to repeat the same response even after the threshold point
has been reached. In ascending trials, the error of habituation falsely increases the

thresholds and vice versa in descending trials.

1.12.3 Method of constant stimuli

The method of constant stimuli is a procedure whereby the experimenter selects about
four to nine stimulus values which, on the basis of an earlier exploration (perhaps by using
the method of limits or adjustment), are expected to contain the threshold value. This fixed
set of stimuli is delivered multiple times in a random order that guarantees each stimulus
will occur as many times as the other stimuli in the set[119]. Once the stimulus has been
delivered, the subject then replies as to whether the stimulus was perceived (in the case of
the absolute threshold) or whether the intensity was higher or lower than that of a standard
(in the case of the difference threshold). Once each stimulus intensity has been presented
several times (about 20 times), the proportion of “detected” and “not detected” responses
Is calculated for each stimulus level. The data are then plotted with stimulus intensity along
the x-axis and proportion of perceived stimuli along the y-axis. The result is a graph that is
referred to as a psychometric function. A chief shortcoming is that it is quite time-

consuming because many trials are required[116].
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1.13 Devices for the measurement of ocular surface

In 1894 Von Frey carried out some of the earliest experiments on corneal sensitivity
using varying lengths of horse hair waxed to a glass rod[120]. Boberg Ans[121] and
Cochet-Bonnet[122] updated Von Frey’s device by using nylon monofilament to replace

the horse hair for corneal sensitivity measurements.

1.13.1 The Cochet-Bonnet esthesiometer

The Cochet-Bonnet esthesiometer is made up of a nylon thread attached to a probe that
is either handheld or mounted on an apparatus[122]. During the test procedure, the nylon
thread is touched to the cornea, perpendicularly. The subject then reports he/she felt the
thread. The corneal threshold is defined by the amount of mechanical force caused by the

thread against the cornea, which is inferred from the bending of the thread.

A few studies[63, 123-126]have identified disadvantages associated with using the
Cochet-Bonnet esthesiometer. The Cochet-Bonnet esthesiometer has a truncated stimulus
intensity range[126], and most of the stimuli are suprathreshold. Corneal sensitivity
measurements can be influenced by environmental conditions, such as humidity, and age
of the thread[127, 128]. Finally, patient apprehension causes a false increase of

sensitivity[63, 128].

1.13.2 Pneumatic esthesiometers

Pneumatic esthesiometers[48, 63, 129, 130] were developed after the Cochet-Bonnet
type providing a greater range of stimulus intensities. The Belmonte esthesiometer and the
modified Waterloo Belmonte esthesiometer are described below.
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The Belmonte esthesiometer[48] has two medical grade gas cylinders, one containing
compressed air and the other containing 98.5% CO.. The cylinders are connected through
regulators to a directional control valve that electronically controls the flow of air and CO»
separately. This allows for the accurate control of the CO> proportion of the output gas
mixture and air. The resultant flow of air is measured by a flowmeter and transferred to a
probe mounted on a modified slit lamp. The probe contains a temperature-controlling
apparatus that warms or cools the gas as well as a solenoid valve that directs the output of

gas.

During stimulation, a pulse generator directs the gas mixture to the tip of the probe by
changing the direction of flow from the electronic valve towards the ocular surface. This
produces a short pulse of gas with defined temperature, CO2 concentration, and flow rate
for a period of 1-10 seconds. In the absence of stimulation, the gas flowing through the
valve is diverted back to the probe and enters a CO> meter that monitors the concentration

of the gas mixture.

The Waterloo Belmonte esthesiometer[130] is a Belmonte esthesiometer modified at the
University of Waterloo that utilizes computer-controlled combinations of air, CO> flow and
temperature. In addition, there is custom software used to define & control the
psychophysical method and stimulus attributes. A button box, used in recording subject
responses, is attached to the esthesiometer. The distance between the probe and ocular

surface, and its orthogonal alignment are constantly monitored using a calibrated video
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camera. In addition to this, there are two cameras attached to the esthesiometer that are

used to record the pupils during some of the experiments.

1.13.3 Comparison of Cochet-Bonnet and pneumatic esthesiometers

Corneal sensitivity measurements using the Cochet-Bonnet esthesiometer most likely
activates the A6 mechanosensory nociceptors because the device’s nylon thread provides
mechanical force on the cornea[43]. Pneumatic esthesiometers on the other hand have the
ability to activate mechanosensory, polymodal and cold receptors because of their ability
to deliver mechanical, chemical and thermal stimulation[43]. The probe does not come into
contact with the surface of the eye so patient apprehension and damage to the corneal
epithelium can potentially be avoided. Also, pneumatic esthesiometers provide greater
repeatability of measurements, and more control of stimulus characteristics than the
Cochet-Bonnet esthesiometers[123, 129, 131]. With the Cochet-Bonnet esthesiometer,
corneal threshold is measured in terms of pressure (millibars) while for the pneumatic

esthesiometer the threshold is measured in terms of flow rate (ml/min)[123, 126].

1.14 Psychophysical scaling

Psychophysical scaling is the process of quantifying mental events, especially sensation
and perception, and determining the relationship between gquantitative measures of mental
events and quantitative measures of physical stimuli[132]. Both absolute and differential
thresholds are concerned with the physical dimension of a stimulus as such, possess no
information about the resulting sensation evoked by the stimulus. Psychophysical scaling

Is important because it provides a relationship between the input and output of a sensory
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system in a quantitative way[133]. The intensity of a stimulus and its resulting sensation
do not always stand in a one-to-one relationship and, as such, the changes in stimulus
intensity and the corresponding changes in sensation must be empirically studied.

Plotting the magnitudes of a sensory attribute against the corresponding physical values of
the stimulus results in a psychophysical relationship called the psychophysical magnitude
function. A psychophysical magnitude function is unique to each sensory modality and
stimulus condition, and can help understand the operation of the sensory system.

There are three major types of psychophysical scaling techniques: bisection scaling,
discrimination, and magnitude estimation techniques[132]. In bisection scaling (also
known as equisection scaling) subjects adjust stimuli to partition a sensory continuum into
equal intervals. In discrimination scaling, subjects make ordinal discrimination judgments
of stimuli. When using the magnitude estimation technique, subjects make direct numerical
estimations of the sensation magnitudes produced by different stimuli and adjust stimuli to

match numbers presented by the experimenter.

1.14.1 Stevens Power Law

In 1957, Stevens[134] proposed that the relationship between sensation magnitude and
stimulus intensity was a power function, which became known as the Power law that is
stated as:

¥ =k (D)

¥ is the sensation magnitude, @ is the stimulus intensity, k is an arbitrary constant

determining the scale unit and b is the power exponent that depends on the stimulus
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conditions and sensory modality. The value of the exponent partly determines the shape of
the function where W is plotted against ®. The relationship is negatively accelerated when

less than 1.00 and positively accelerated when the exponent is greater than 1.00.

1.15 Suprathreshold scaling on the ocular surface

The Cochet-Bonnet esthesiometer was the initial device used for psychophysical scaling
of ocular surface thresholds. The method of magnitude estimation with a free modulus was
used to determine corneal thresholds. A power function with an exponent of 1.01 was
postulated to represent the relationship between the apparent magnitude of corneal
threshold and the pressure applied on the cornea[135]. The researchers further predicted
the exponents to represent a lower bound because of the tendency for magnitude estimation

to underestimate the value of the exponent[136].

A few years later, the introduction of non-contact pneumatic esthesiometers paved the
way for less harmful approach to psychophysical scaling of the ocular surface[48, 91, 137,
138]. Carlos Belmonte et al,[48] showed the exponential intensity-response curves for
mechanical and chemical stimuli to be 0.58 and 0.63, respectively. Feng and Simpson[137]
reported the corneal transducer function for mechanical stimuli to be 0.82 and that of
chemical stimuli to 1.08. Chen et al[62] found the relationship between the magnitude of
pain and CO- concentration to be a power function with an adjusted exponent of 1.12. Situ
and Simpson[138] carried out sensory transduction experiments in the central and
peripheral corneal locations and reported exponents of 1.38 and 1.19, respectively for

mechanical stimuli, and 0.97 and 0.96, respectively for chemical stimuli.
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1.16 Colour Science

Colour can be described by its 3 main properties: hue, saturation and luminance[139,
140]. Hue is what we refer to as the colour itself. Examples of hues are red, yellow, and
blue. Saturation is the quantity of white in a colour[139]. When there is a large amount of
white present in a colour, the colour tends to be pastel-like and less saturated. When there
is zero white in a colour it is said to be saturated. To explain saturation, take the colour
periwinkle, which is a mixture of blue and white. Thus, periwinkle and blue have the same
hue, but different levels of saturation. The third component is luminance, which is the

measure of intensity of a colour[140].

There are different colour systems and many of them have been utilized to measure the
hue, saturation and luminance of colour[139, 141]. The CIE system (The Commission
Internationale de L’Eclairage)[141] is for colour specification that was developed so that
the visible spectrum could be expressed in a quantitative way[141]. The CIE system may
be represented by a chromaticity diagram and is based on the spectral power distribution
parameters (SPD)[139-141]. SPD refer to the classification of the power of light at specific

wavelengths as viewed by the eye[140].

Spectroradiometers are used to measure the SPD of any colour and information about the
saturation and luminance of that specific colour can be acquired[140]. For some
experiments in my research, the CIE L’ u’ v’ colour space diagram was the colour system
of choice and the variable u” was used to denote and quantify ocular redness in a similar

way in which it was utilized in previous experiments[142-146].

34



Chapter 2

Rationale

2.1 Introduction

The literature review in the previous chapter identifies the ocular surface as one of the most
densely innervated superficial tissues of the human body, supplied extensively by
parasympathetic, sympathetic and sensory nerve fibres. Sensory neurons and their response
to thermal, chemical and mechanical stimuli were also discussed; however, | was unable
to discuss research into the functional response of the autonomic nervous system (ANS) to
ocular surface stimulation because research into this has not been performed.

The ANS is cardinal to human functioning as it acts below the level of consciousness to
regulate the organs of the body thus controlling secretory cells, smooth muscle and cardiac
muscle [1]. With respect to the eye, the ANS is responsible for the control of pupillary
reflexes, accommodation and regulation of blood flow[2-4]. Monitoring the impact of
sensory stimulation of the ocular surface on these mechanisms provides novel information
about ANS functionality in healthy individuals and, as such, the primary objective of this
research was to determine the response of the ANS to ocular surface stimulation by
measuring pupil size, ocular vascular variations and changes in the accommodative state

of the eye after the delivery of noxious and innocuous stimuli.

2.2 Experiments on the conjunctival blood flow response

The conjunctiva is an integral component of the ocular surface and has an extensive blood
supply[5]. The blood vessels in the bulbar conjunctiva are a terminal vascular bed of the

human internal carotid artery, which in turn is the main blood supply of the cerebral
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cortex[6]. Information derived from the response of conjunctival blood vessels to local
painful stimulation may be applicable to other parts of the body[7, 8]; however, there is no
previous research on the response of conjunctival vasculature to ocular surface stimulation.
In my first set of experiments (Chapter 3) | sought to evaluate the conjunctival redness
response to noxious ocular surface stimulation. Under controlled settings, | delivered
mechanical and chemical suprathreshold stimuli to the cornea. For each suprathreshold
stimulus delivered, a spectrophotometer (Spectrascan650; Photoresearch Inc, Chatsworth,
VA) was used to measure the ipsilateral and contralateral conjunctival chromaticity, an
estimate of conjunctival redness, before and after delivery of the ocular surface stimulus.

The change in redness represented the conjunctival vascular response to noxious stimuli.

2.3 Experiments on the pupillary response

The size of our pupils can provide information regarding psychological states such as
attention[9] and can also provide information regarding emotional changes[10].
Theoretically, pain or feelings of discomfort (such as those that are evoked by
suprathreshold stimulation of the cornea) have an effect on the ANS due to the connection
between sensory and autonomic neurons found in the neural circuity of the ocular
surface[11, 12], but this theoretical observation has never been examined empirically in
humans.

In the second set of experiments (Chapter 4) | sought to evaluate the pupillary response to
noxious ocular surface stimulation. Under controlled settings, | delivered mechanical and

chemical suprathreshold stimuli to the cornea. For each suprathreshold stimulus, ipsilateral
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and contralateral pupil sizes were each captured by two modified digital cameras (Logitech
€920; Logitech International S.A., Newark, CA). The changes in pupil diameter from
before to after stimulus delivery represented the pupillary response to ocular surface

discomfort.

2.4 Experiments on the Accommodative Reflex

Accommodation, the eye’s ability to focus and maintain clear vision at near, is an important
reflex mechanism driven by complex autonomic neuro-circuitry[13]. The previous chapter
discussed the interconnectivity between the neural pathways that are responsible for both
accommodation and ocular surface nociception yet, there are no studies examining how the
accommodative system responds to ocular surface noxious stimuli.

In my final set of experiments (Chapters 5), | evaluated the accommodative response to
noxious ocular surface stimulation and the relationship between pupil size and
accommodative response to corneal stimulation. | delivered mechanical and chemical
suprathreshold stimuli to the cornea, under controlled room temperature, illumination and
humidity. For each suprathreshold stimulus delivered, a photorefractor (Power Refractor,
Multichannel Co, Reutlingen, Germany) was used to measure the accommodative response
in the left and right eyes before and after delivery of the ocular surface stimulus. The
change in accommodation represented the accommodative response to noxious ocular

surface stimulation.
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2.5 Summary

Collectively, the set of experiments enable us, for the first time, to begin to characterise the
local stimulus-response neural circuitry by characterising the dose-effect relationships
between ocular surface stimulation and autonomic responses. This in and of itself is
important, and sets the foundation for the development of clinical methods and laboratory
tools to better understand how these mechanisms are disrupted in neurodegenerative
conditions, such as Parkinson Disease. Finally, this understanding provides a framework
to enable us to develop novel objective metrics of ocular surface pain, something very

Important in non-communicative patients and in infants.
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Chapter 3
Conjunctival redness response to corneal mechanical and chemical stimulation.
3.1 Introduction
The mucous membrane that covers the inner surface of the eyelids and the outer surface of
the ocular globe is known as the palpebral and bulbar conjunctiva, respectively. The bulbar
conjunctiva represents some parts of systemic circulation as it is a terminal vascular bed of
the human internal carotid artery, which in turn is the main blood supply of the cerebral
cortex[1]. The conjunctiva is transparent, and because of this, blood flow can be studied in
vivo and non-invasively as there is uncomplicated optical resolution, in comparison to, say,
retinal vasculature[2]. Another factor that aids the use of the conjunctiva as a model to
study microcirculation is the high contrast between the reddish blood vessels and the
whitish sclera[3]. Our ability to view the blood vessels in the conjunctiva comes with some
advantages.
The physiological attributes of bulbar conjunctival blood vessels are similar to that of blood
vessels found within the tissue of other parts of the body, previous research indicates that
there is no difference between the composition of the blood within the bulbar and that of
capillaries in other parts of the body[4, 5]. It is thus possible to assume that information
derived from the influence of ocular surface stimulation on conjunctival blood vessel
dynamics may be applicable to the rest of the body[6, 7].
The bulbar conjunctiva has an extensive supply of blood vessels that give off a reddish hue

due to the blood flowing in them. The amount of redness observed within the conjunctiva
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is termed conjunctival redness[8]. A greater conjunctival redness value indicates an
increase in the in the cross-sectional diameter of the blood vessels on the anterior portion
of the eye which leads to an increase in the volume of blood in the bulbar conjunctival,
anterior scleral and limbal vessels, otherwise known as conjunctival hyperemia[9].
Anatomically, conjunctival hyperemia can be classified into limbal, palpebral and bulbar.
Initiators of conjunctival hyperemia include, but are not limited to, diurnal variations,
chemicals, contact lens wear, fatigue, the presence of foreign bodies, hormonal levels, an
unstable tear film, ocular discomfort/corneal pain and dry eye disease[10].

The conjunctival vasculature is innervated by both sympathetic and parasympathetic arms
of the autonomic nervous system (ANS)[11]. Parasympathetic and sympathetic nerve
fibres from the facial nerve have been shown to have nerve terminal endings in the
conjunctival blood vessel walls[12]. The ANS is responsible for the regulation of blood
flow (homeostasis) on the surface of the eye. This is important as the transportation of a
variety of molecules including oxygen and white blood cells serve nutritional and
immunologic functions respectively for the anterior eye[13] and, as such, major changes
in ocular surface blood flow could have effects on these nutritional and immunologic
functions.

Cells on the ocular surface, like other cells in the human body, generate by-products that
they cannot retain due to inadequate storage and/or toxicity and blood flow is responsible
for the disposal of these by-products. It is thus expected that an increase or decrease in
conjunctival blood flow will influence these metabolic factors which will in turn impact

the integrity and normal functioning of ocular surface components.
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Stimulation of the human cornea by chemical, mechanical and thermal applications elicit
sensations of irritation, pain and discomfort[14-16]. These sensations have been mentioned
to cause changes in conjunctival blood flow[10]; however, their effect on the anterior eye’s
microcirculation has not been evaluated in a quantitative way. The purpose of this study
was to characterize the ocular redness levels in healthy participants by investigating
redness changes that occur with the application of suprathreshold corneal mechanical and

chemical stimulation.

3.2 Materials and Methods

3.2.1 Sample

Ethics clearance was obtained from the Office of Research Ethics at the University of
Waterloo before commencement of the study. Eligible subjects (healthy adults below the
age of 36 with no ocular surface disorders) signed an informed consent document before
enrolment in the study.

The eligibility of participants was determined at a screening appointment. The sample
consisted of 15 healthy participants (7 males and 8 females) with an average age of 32.5
years (range 20-35 years). Subjects with any self-reported vascular disorders were

excluded from the study.

3.2.2 Computer-controlled Belmonte Esthesiometer

The device used for the delivery of mechanical and chemical stimuli to the ocular surface
consists of a control box that electronically regulates the mixture of air and carbon dioxide

(CO2). The flow rates of air and concentration of CO> are separately controlled by two
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digital flow controllers. Within the nozzle assembly is a thermostat to control temperature.

A calibrated video camera was used to ensure that the stimulus was orthogonal to, and the

nozzle tip was 5mm from the ocular surface.
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Figure 1: Enface image of the computerized Belmonte esthesiometer and calibrated
video display (A). Image displaying the nozzle of the computerized Belmonte

esthesiometer used in stimulus delivery to the ocular surface (B).

3.2.3 Nociceptive Stimuli

Mechanical stimuli consisted of a series of air pulses with varying flow rates from 0 to 200
ml/min and chemical stimulation was delivered by increasing the concentration of CO: in
the air. An ascending methods of limits[17] was used to determine mechanical and
chemical detection thresholds of the cornea. Attributes of psychophysical methods were

based on previous methods in the lab [14].
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The mechanical threshold, which is the lowest air flow rate (with CO> set at 0%) that the
subject could detect, was first determined. The flow-rate steps were set at 10 mL/min, and
the mechanical threshold was the average of three readings when the subject first reported
the stimulus. For determining the chemical threshold, the flow rate of air was set at half the
initially determined mechanical threshold, and CO2 was added to the air in increments of
5% CO». The chemical threshold was the average of three first reports of stimulus

detection.

3.2.4 Stimulus Delivery

The stimulus was presented at the corneal apex of the left eye while subjects viewed a
fixation target that was 3 meters away. With the help of the two Logitech cameras situated
on each side of the esthesiometer, the experimenter positioned the tip of the esthesiometer
so that is was approximately perpendicular to the corneal surface during stimulus delivery.
The temperature of the air was set to 50°C, this decreased to 33.4°C at the ocular surface
at room temperature of 23°C. This was calibrated using a custom electronic thermometer
positioned 5 mm from the probe tip (which corresponds to the position of the ocular surface
in the experiments). The duration of the stimulus was 3 seconds and it was delivered to the
ocular surface immediately after a blink. The subject blinked freely between trials. The
next stimulus was triggered after the sensation caused by the last stimulus had disappeared
completely.

Once the mechanical and chemical thresholds were determined, a sham (0% threshold —no

stimulus was delivered, the esthesiometer intensity setting was zero) and three stimuli were
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then delivered to the subject in random order, in both the mechanical and chemical
stimulation experiments — stimulus at 0% threshold (sham), stimulus at 100% threshold,
stimulus at 150% threshold, and stimulus at 200% threshold. The conjunctival redness

levels prior to stimulus delivery (baseline) and after stimulus delivery were compared.

3.2.5 Redness Measurements

For the measurements of conjunctival redness, chromaticity (u’) values were taken using
the SpectraScan PR650 Spectrophotometer (Photoresearch Inc, Chatsworth, VA)
immediately after stimulus delivery for three seconds. The PR650 measures luminance and
chromaticity and calculates the equivalent CIE value. The photometer was mounted on a
modified slit-lamp that also had an external illumination source, fixation targets, and a
measuring tape attached to it. The measuring tape was used to monitor and ensure that a
fixed distance was maintained between the photometer and the participant’s eye during
conjunctival redness measurements.

The nasal and temporal conjunctiva of the participants’ right and left eyes were viewed
with the slit lamp and a region of interest (ROI) was selected and used for all subsequent
measurements. For the nasal conjunctiva of the right and left eye, the ROl was a 5mm? spot
(corresponding to the area of the photometer’s black circular target) that was horizontally
displaced about 3mm away from the limbus, towards the direction of the nose. The ROI of
the temporal conjunctiva was the same in size as that of the nasal conjunctiva; however,
the location was 3mm away from the limbus, towards the outer canthus. An illustration of

the ROI for the left eye can be seen in Figure 2.
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Figure 2: Stimulus and ROI locations for the left eye. X represents the stimulus
location, N represents the ROI for the nasal conjunctiva, and T represents the ROI

for the temporal conjunctiva.

The ROI measurements were taken in a random order under controlled illumination. The
participant sat at the instrument and looked at a fixation target to their left or right
(depending on the ROI being measured). Looking at the left target was for the temporal
measurements of the right eye and the nasal measurements of the left eye, and vice versa.
The chromaticity (CIEu’) of a ROI was measured with the photometer. The examiner
looked through the eye piece and positioned a black measuring spot (approximately 5 mm
diameter) on the temporal/nasal bulbar conjunctiva on top of the ROI. Three measurements
of redness were taken on both eyes and averaged. To ensure consistent results, no

adjustments were made to the eye piece or the lateral position of the photometer.
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3.2.6 Analyses

Conjunctival redness differences between the stimulated and unstimulated eye was
analyzed using dependent T-tests. Linear mixed effects analyses were used to investigate
the relationship between conjunctival redness, and stimulus intensity. Quantitative
differences in conjunctival redness, stimulus modality, and stimulus intensity were
analyzed using repeated measures (RM) ANOVA. Tukey HSD tests were used for all post
hoc analysis. SPSS for Windows, Version 16.0 (Chicago, SPSS Inc.) was used for data

analysis procedures. A probability value of 0.05 or less was assumed to be significant.

3.3 Results

Measurements of conjunctival redness at baseline (before each measurement session), 0%
threshold (the catch trials when the esthesiometer intensity setting was zero) and with
mechanical and chemical stimulation of differing intensities stratified by modality are

shown in Figure 3.

3.3.1 Effects of Stimulus Intensity on Conjunctival Redness

On average, redness increased from baseline as the corneal apical stimulus intensity
increased. This happened regardless of whether mechanical or chemical stimulation
occurred (ANOVA F(4,476) = 194.7, p < 0.05). At 200% threshold, conjunctival redness

was greater than all stimulus intensities (Tukey HSD, all p < 0.05).
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Baseline conjunctival redness values for the chemical and mechanical stimulation
experiments were not different (ANOVA F(118) = 0.8, p > 0.05) and at 0% threshold there
was no difference in redness for the chemical and mechanical stimulation experiments

(ANOVA F(118) = 0.8, p > 0.05)

3.3.2 Effects of Stimulus Modality and Stimulus Intensity on Conjunctival Redness

There was a difference between chemical and mechanical stimulation based on stimulus
intensity (ANOVA F(4,472) = 61.1, p < 0.05). Chemical stimulation produced greater
conjunctival redness than mechanical stimulation at 100% threshold, 150% threshold, and

200% threshold (all Tukey HSD p < 0.05).
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Stimulus Modality

I 1 Chemical Stimulation

I 2 Mechanical Stimulation
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Figure 3: Mean conjunctival redness across the different stimulus intensities for
chemical (red) and mechanical (blue) corneal stimulation experiments (error bars

denote 95% confidence interval).
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3.3.3 Relationship Between Stimulated and Unstimulated Eye

With mechanical stimulation of the cornea, the ipsilateral eye (stimulated eye [left eye])
became redder than the contralateral (unstimulated) eye (dependent t-test t(29) = 34.7 p <

0.05). A similar result occurred with chemical stimulation of the dependent t-test t(29) =

14.3 p < 0.05).

0.2907

0.2804

Conjunctival Redness (CIEu")

0.260

T T
Unstimulated Eye Stimulated Eye

Mechanical Stimulation

Figure 4: Box-plot of the conjunctival redness between the stimulated and

the unstimulated eye after 200% threshold corneal mechanical stimulation.
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Figure 5: Box-plot of the conjunctival redness between the stimulated and the

unstimulated eye after 200% threshold corneal mechanical stimulation.

3.3.4 Relationship Between Conjunctival Redness and Stimulus Intensity

A linear mixed effects analysis was used to find the relationship between conjunctival
redness and stimulus intensity. Stimulus intensity was entered as fixed effects in the model.
As random effects, intercepts for participants as well as by-participant random slopes for
the effect of stimulus intensity was entered. Below is a table summarizing the results of the
model. The best model for both mechanical and chemical stimulation was one that

incorporated random effects of the intercept and slope.
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Table 1: Results from a mixed model analysis displaying the relationship between
conjunctival redness and stimulus intensity in mechanical corneal stimulation

experiments (the slope estimates are referenced to the highest stimulus level).

Parameter Estimate for Mechanical | Significance
Intercept 0.279 0.001
Baseline -0.018 0.001
Threshold -0.008 0.001
150% Threshold | -0.004 0.046

Table 2: Results from a mixed model analysis displaying the relationship between
conjunctival redness and stimulus intensity in chemical corneal stimulation

experiments (the slope estimates are referenced to the highest stimulus level).

Parameter Estimate for Chemical Significance
Intercept 0.311 0.001
Baseline -0.043 0.001
Threshold -0.025 0.001
150 Threshold -0.013 0.001
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Figure 6: The relationship between conjunctival redness and stimulus intensity
during mechanical stimulation of the cornea. An average redness increase of 0.018
(CIEWw’) is expected from baseline to 200% threshold.
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(CIEw’) is expected from baseline to 200% threshold.
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3.4 Discussion

In this chapter, the effect of ocular surface stimulation on conjunctival blood flow was
investigated. From the results of the study, mechanical and chemical suprathreshold
stimulation of the cornea appear to produce an increase in conjunctival redness in a dose
response-like manner. The stimulated (ipsilateral) eye appeared redder than the
unstimulated (contralateral) eye after the delivery of suprathreshold mechanical and
chemical corneal stimulation, and chemical stimulation of the cornea seems to produce
greater conjunctival redness than mechanical corneal stimulation.

When suprathreshold mechanical or chemical stimuli are delivered to the cornea, the
observed response of increased conjunctival redness suggests an increase in blood flow
and thus blood volume in the region of interest (ROI). Similar findings have been observed
in cats[18] and rats[19, 20] where there seems to be an increase in blood flow in the lips
and tooth pulp as a result of noxious stimulation. Noxious stimulation in the facial skin and
tooth pulp of humans was reported to produce an increase in the blood flow of the
stimulated region[21, 22].

The increase in blood flow as a result of suprathreshold corneal stimulation, observed in
my experiment may be due to an axon reflex mechanism, a central neuronal reflex
mechanism or both. In support of the suggestion that an axon reflex mechanism may be
responsible for the observed conjunctival blood flow increase in this study, some
experiments using Doppler flowmetry proposed that antidromic activation of nociceptive

afferent fibres may lead to increased peripheral blood flow[23-25]. An axon reflex between
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the two ocular surface regions (cornea and conjunctiva) may be responsible for the blood
flow increase.

Some research studies provide evidence to support that a central neuronal reflex
mechanism may contribute to increased peripheral blood flow[18, 26-28]. Drummond[27],
showed that noxious stimulation of the ocular surface caused vasodilation within the
forehead and further argued that a centrally mediated parasympathetic reflex might be
responsible for the vasodilation because he applied a sympathetic blockade in his
experiment. Experiments in humans[22, 26, 28], cats[29, 30] and monkeys[22]
demonstrate a central parasympathetic reflex mechanism that causes an increase in
peripheral blood flow and, as such, it is possible that a similar central neuronal mechanism
may contribute to increased conjunctival blood flow during noxious stimulation of the
cornea.

Previous research by Situ and Simpson[31] investigating the interaction between
suprathreshold corneal stimulation and ocular reflexes, found comparable results to that of
this study; the researchers discovered that mechanical and chemical corneal stimulation
evoked increased reflex tear secretion. In addition, Situ and Simpson[31] identified
mechanical corneal stimulation to be responsible for the greatest amount of reflex tearing;
however, in this ocular reflex study I discovered contrasting results.

The results of this study show that chemical stimulation of the cornea appears to evoke a
greater conjunctival redness response than mechanical corneal stimulation. Evidence from
electrophysiological experiments on cats and rabbits indicates that the cornea is innervated

by fast conducting Ad and slower conducting C fibres[32, 33]. There is expression of
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epithelium Na+ channels (ENaC), acid-sensitive ion (ASICs) and vanilloid receptor -1
channels (VR1) in the trigeminal ganglion and while ENaC mediates sensitivity to
mechanical stimulation, ASICs and VR1 are responsible for sensitivity to acid
stimulation[34-37].

The greater ocular redness observed with chemical stimulation of the cornea can be
supported by Feng and Simpson’s[14] postulation that chemical stimuli may excite slower
conducting C fibers while mechanical stimuli excite fast conducting Ad fibers. When a
chemical stimulus (CO2 mixed with air) is applied to the cornea, CO2 mixes with the tears
on the surface of the eye resulting in a more acidic tear film[38]. This acidic mixture has
been shown to have effects similar to that produced by tissue acidosis, resulting
inflammation, or infection, and appear to stimulate corneal C fibers through the mediation
of ASICs and VR1 receptors[35, 36]. Since CO, remains in the tears even after stimulus
delivery, the longer exposure may contribute to the greater ocular redness experienced in
my experiment. It is also possible that a distinct C-fibre pathway, with greater gain, induces
a more robust redness response than the equivalently intense (relative to threshold)
mechanical stimulation.

In this experiment, delivery of a noxious stimulus in one eye caused an increase in
conjunctival redness in both eyes but more so in the stimulated eye. Similar to this finding,
ipsilateral electrical stimulation of the supraorbital branch of the trigeminal nerve elicits a
facial nerve (blinking) response bilaterally[39]. Experiments involving pupillary responses
to noxious corneal stimulation performed Chapter 4 of this thesis had similar findings with

a bilateral pupillary reflex to ipsilateral nociceptive stimulation.
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Bilateral ocular reflex mechanisms could possibly be due to a bilateral ascending afferent
pathway, which in turn activates bilateral efferent motor fibers. In some brain imaging
studies[40, 41], acute muscular and cutaneous noxious stimulation produced bilateral
activation of both the primary and secondary somatosensory cortex which enabled the
researchers to discover bilateral ascending trigeminothalmic pathways. Similar bilateral
ascending trigeminothalmic pathways that exist for orofacial reflexes to noxious
stimulation[40, 41] could mediate the conjunctival redness reflex to noxious corneal
stimulation found in this study.

A shortcoming of this experiment is that there was a limitation to the stimulus intensity
range as the highest stimulus intensity used was twice the threshold. Being able to go
beyond 200% threshold for both mechanical and chemical corneal stimulation would be
beneficial as information regarding what happens to the conjunctival vasculature at higher
stimulus intensities is unknown. Determining at what levels saturation occurs, and
characterising the ‘complete’ dose-effect relationship would allow fuller understanding of
how painful corneal stimuli induce bulbar vessel dilation. Temporal effects of noxious
corneal stimulation on conjunctival vasculature were not investigated. It would also be of
interest to investigate how the initiation and duration of the ocular surface vasculature
response (ie., temporal aspects).

A valuable addition to this study could have been the use of a visual analogue scale (VAS)
to measure the degree of irritation at different stimulus intensities thus enabling us to
investigate the relationship between a subjective and objective response to ocular surface

stimulation.
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To summarise, this set of experiments provides some support that stimulation of the central
cornea by noxious corneal stimulation in the form of mechanical and chemical stimuli
evokes a dose dependent autonomic direct and consensual conjunctival redness response.
This study forms a foundation from which the characterization of the local stimulus-
response neural circuitry relating nociceptive stimuli to autonomic responses can be

developed and assessed in healthy patients and those with neurodegenerative conditions.

3.5 Conclusion

In conclusion, this set of experiments provide some evidence that stimulation of the central
cornea by noxious stimulation in the form of mechanical and chemical stimuli, evokes a
dose dependent autonomic ipsi- and contralateral conjunctival redness response. The
conjunctival blood flow response to the stimulated eye seems greater than that of the
unstimulated eye, and chemical stimulation of the corneal appears to evoke a greater
conjunctival redness response than mechanical stimulation of the cornea. This study serves
as a basis for the characterization of the local stimulus-response neural circuitry relating

nociceptive ocular surface stimuli to autonomic responses.
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Chapter 4

Pupil Response to Noxious Ocular Surface Stimulation

4.1 Introduction

The International Association for the Study of Pain defined pain as, “an unpleasant sensory
and emotional experience associated with actual or potential tissue damage, or described
in terms of such damage”[1]. The word “pain” has also been used to describe the
experiences associated with discomfort and other unpleasant feelings[2, 3]. Pain is
subjective and by definition it is experienced only when an individual is in a conscious
state, yet the perception and modulation of pain induces brain activity that is largely driven
by autonomic processes that operate below the level on consciousness[4-6]. Previous
reports have proposed that autonomic nervous system (ANS) responses have a strong
relationship to pain perception and as such, may be possible alternatives for the
measurement of pain[7, 8].

Within the eye, the ANS controls two antagonistic iris muscles, namely the sphincter and
dilator pupillae to bring about pupil size changes. The sphincter pupillae is innervated by
parasympathetic fibers and constricts the pupil, and conversely, the dilator pupillae is
innervated by sympathetic fibers and dilates the pupil[9]. Accommodation, luminance,
attention, and alertness (among others) cause fluctuations in pupil size[10-12]. The change
in the size of the pupils can also be due to the effect of noxious stimulation and in various
places this has been termed pupillary reflex dilation[13], pupil dilation response[14], phasic
pupil dilation[14, 15], reflex pupillary dilation[16], and ciliospinal reflex[17]. The
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relationship between pupil size changes and pain perception has been looked into
quantitatively[14, 15, 18, 19]. Chapman et al[14] delivered intra-cutaneous noxious
fingertip stimulation to 20 subjects at four different intensities and observed a pupillary
dilation response. The pupillary dilation response began 0.3 s after delivery of the stimulus
and peaked at 1.25s. The researchers concluded that there was a consistent pupillary
dilation response to painful stimulation in a dose-response manner. Ellermeier and
Westphal[20] utilized both psychophysiological and psychophysical techniques to study
pupil size changes during the noxious stimulation of the fingers of healthy subjects. The
results of their experiments showed that there was a pupillary dilation response to painful
fingertip stimulation, and they suggested that pupil dilation was an autonomic indicator to
pain. Due to the existence of pupillary dilation responses to noxious stimulation in the
fingertips and earlobes[14, 15, 18, 19], it is possible that a similar pupil dilation response
may exist for noxious stimulation of the ocular surface.

The pain experience for men and women appear to be different[21, 22]. Ellermeier and
Westphal[20] suggested females had greater pupil dilation responses than males when
tonic pressure was applied to the fingers of subjects, and in the same study, females
reported greater pain than males while experiencing the same amounts of noxious
stimulation.

Corneal sensitivity has been shown to vary with age[23-25], time of day[26], and
menstruation[27, 28] (among other factors); however, there is limited research on the effect
of gender on corneal sensitivity[25, 29]. Acosta et al[25] reported that in comparison to

men of similar age, premenopausal women had lower thresholds to both mechanical and
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chemical corneal stimulation but, there was no difference between the overall corneal
sensitivity of males and females.

Corneal nociceptors receive their innervation from the trigeminal ganglion, via the
nasociliary branch of the ophthalmic division of the trigeminal nerve[30, 31] and respond
to chemical, mechanical and thermal stimulation[32-39]. There are no experiments relating
pupil size changes to noxious stimulation of the eye and the neuro-circuitry relating corneal
nociceptive stimuli to the autonomic pupil reflex is unknown. The purpose of this
exploratory study was to determine whether a pupil response exists for nociceptive corneal
mechanical and chemical stimuli, and if so, whether the pupil response is intensity specific.
In addition, we were interested in exploring whether the stimulation modality, ipsi- and

contralateral effects and whether there were differences in the response between sexes

4.2 Methods

4.2.1 Subjects

Ethics clearance was obtained from the Office of Research Ethics at the University of
Waterloo before the study began. Eligible subjects signed an informed consent document
before enrolment in the study.

15 healthy subjects participated in this study. There were 8 male and 7 female volunteers
ranging in age from 19 to 34. Subjects taking analgesic, anti-inflammatory or psychoactive

medications were excluded from the study.
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4.2.2 Computer-controlled Belmonte Esthesiometer

The calibrated computer-controlled Belmonte esthesiometer has been described in
different experiments[33, 37, 40]. Our modified device used for the delivery of mechanical
and chemical stimuli to the ocular surface consists of a control box that electronically
regulates the mixture of air and carbon dioxide (CO.). The flow rates of air and
concentration of CO- are separately controlled by two digital flow controllers. Within the
nozzle assembly is a thermostat to control temperature. A calibrated video camera was used
to ensure that the stimulus was orthogonal to, and the nozzle tip was 5mm from the ocular

surface.

4.2.3 Nociceptive Stimuli

Mechanical stimuli consisted of a series of air pulses with varying flow rates from 0 to 200
ml/min and chemical stimulation was delivered by increasing the concentration of CO: in
the air. An ascending methods of limits[41] was used to determine mechanical and
chemical detection thresholds of the cornea.

The mechanical threshold, which is the lowest air flow rate (with CO> set at 0%) that the
subject could detect, was first determined. The flow-rate steps were set at 10 mL/min, and
the mechanical threshold was the average of three readings when the subject first reported
the stimulus. For determining the chemical threshold, the flow rate of air was set at half the
initially determined mechanical threshold, and CO> was added to the air in increments of
5% CO2. The chemical threshold was the average of three first reports of stimulus
detection.
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4.2.4 Stimulus Delivery

The subjects wore in-ear headphones with noise playing in the background. The stimulus
was presented at the corneal apex of the left eye while subjects viewed a fixation target that
was 3 meters away. The tip of the esthesiometer was rotated to ensure the stimulus was
delivered perpendicular to the corneal surface during stimulus delivery. The temperature
of the air was set to 50°C, this decreased to 33.4°C at the ocular surface at room temperature
of 23°C. This was calibrated using a custom electronic thermometer positioned 5 mm from
the probe tip (which corresponds to the position of the ocular surface in the experiments)
[33, 34]. The duration of the stimulus was 2 seconds and it was delivered to the ocular
surface immediately after a blink. The subject blinked freely between trials. The next
stimulus was triggered after the sensation caused by the last stimulus had disappeared
completely.

Once the mechanical and chemical thresholds were determined, a sham (no stimulus was
delivered but the participant thought a stimulus was being delivered) and three stimuli were
then delivered to the subject in random order, in both the mechanical and chemical
stimulation experiments — stimuli at 0%, threshold (sham), stimulus at 150% threshold, and
stimulus at 200% threshold. The pupil size prior to stimulus delivery (baseline) and after

stimulus delivery were compared.

4.2.5 Data Processing and Pupil Size Measurements

Imaging of the stimulated and unstimulated eye was performed using two modified and
calibrated Logitech ¢920 digital cameras (Logitech ¢920; Logitech International S.A.,
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Newark, CA), for 4 seconds before (pre-stimulus capture) and 4 seconds after the delivery
of the stimulus (post-stimulus capture). Calibration of the Logitech camera was done with
dummy pupils of known diameters[39]. The data were processed with a custom
segmentation algorithm to help identify the pupils. We then measured the pupil diameter
(average of horizontal and vertical measures) using ImagelJ software (NIH, Bethesda, MD),
in every 15" frame (which corresponded to every 500 milliseconds in the pre/post stimulus
captures) For each capture period, the total pupil diameters were averaged to extract a mean
pupil diameter for pre/post stimulus capture and this represented the pupil size
measurements. This method was selected because of my aim to provide a measurement
approach that was quick, simple, robust, efficient and representative of the response of the

pupils to corneal stimulation in the 4 post stimulus seconds.

4.2.6 Analyses

Pupil dilation response differences between the ipsi- and contralateral eye was analyzed
using dependent T-tests. Non-linear regressions were performed to explore the relationship
between time and stimulus intensities across males and females. Quantitative differences
in pupil diameter, stimulus modality, sex of subject and stimulus intensity on pupil
diameter were analyzed using repeated measures ANOVA. Tukey HSD tests were used for
all post hoc analysis. SPSS for Windows, Version 16.0 (Chicago, SPSS Inc.) and Microsoft
Excel for Windows (Redmond, WA, Microsoft Corp.) were used for data analysis

procedures. A probability value of 0.05 or less was assumed to be significant.
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4.3 Results

Pupil diameters at baseline (before each measurement session), 0% threshold (the catch
trials when the esthesiometer intensity setting was zero) and with mechanical and chemical

stimulation of differing intensities stratified by modality are shown in Figure 10.

4.3.1 Effects of Stimulus Intensity on Pupil Diameter

On average, pupil diameter increased from baseline as the corneal apical stimulus intensity
increased. This happened regardless of whether mechanical or chemical stimulation
occurred (ANOVA F(4,224) = 356.6, p < 0.05). At 200% threshold, pupil diameter was

greater than all stimulus intensities (Tukey HSD, all p < 0.05).

4.3.2 Effects of Stimulus Modality and Stimulus Intensity on Pupil Diameter

There was no difference between chemical and mechanical stimulation based on stimulus

intensity (ANOVA F(4,224) = 0.1, p > 0.05).

4.3.3 Relationship Between Ipsi- and Contralateral Eye

With mechanical stimulation of the cornea, there was no difference in pupil responses
between the ipsilateral eye (stimulated eye [left eye]) and the contralateral (unstimulated)
eye (dependent t-test t(14) = 0.6, p > 0.05). A similar result occurred with chemical

stimulation of the cornea (dependent t-test t(14) = 0.8, p > 0.05).
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Figure 8: Box-plot of pupil response between the ipsilateral (stimulated) and the
contralateral (unstimulated) eye after corneal mechanical stimulation (error bars

denote 95% confidence interval).
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Figure 9: Box-plot of pupil response between the ipsilateral (stimulated) and the
contralateral (unstimulated) eye after corneal chemical stimulation (error bars

denote 95% confidence interval).

Non-linear regression was used to predict the pupil size based on time for male and female
subjects at each stimulus intensity. A function y=C+(B*((A*time)/(EXP(A*time))) was
used to fit all the data stratified by stimulus intensity. Below are the results of the non-
linear modeling where y is the pupil size and A, B and C are constants. The values of A, B
and C for the different stimulus modalities and intensities are displayed in Table 3. The
pupil sizes at the different time points as determined by the model for both male and female

subjects can also be found in Table 4.
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Table 3: The values for the non-linear regression model for pupil response used

mechanical and chemical corneal stimulation experiments.

Deviations

Stimulus Intensity | Value | Mechanical Stimulation Chemical Stimulation
Male Female Male Female
Baseline
0.440 0.595 1.525 1.341
B 7.647 7.980 2.778 0.531
2.335 2.303 4.457 4.564
Sum of Squared | SS 47.5 54.7 67.4 72.8
Deviations
100% Threshold
0.516 0.343 0.544 0.429
B 16.961 11.914 15.98 14.843
0.996 2.440 1.320 1.766
Sum of Squared | SS 88.4 83.8 78.9 67.3
Deviations
150% Threshold
0.562 0.540 0.562 0.427
B 15.267 18.062 15.267 14.194
1.954 1.364 1.954 2.643
Sum of Squared | SS 83.4 83.2 34.6 38.2
Deviations
200% Threshold
0.499 0.462 0.516 0.486
B 14.492 15.379 17.633 16.338
2.626 2.652 1.773 2.621
Sum of Squared | SS 46.2 49.2 39.4 46.6
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Figure 10: Pre- and post-stimulus pupil diameter for mechanical corneal stimulation for male and female subjects.
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Figure 11: Pre- and post-stimulus pupil diameter for chemical corneal stimulation for male and female subjects.
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Table 4: Pupil sizes at the different time points as determined by the non-linear

model y=C+(B*((A*time)/(EXP(A*time))) for male and female subjects.

Mechanical Stimulation

Baseline | 100% Threshold | 150% Threshold | 200% Threshold
Time (sec) | Male | Female | Male | Female | Male | Female | Male | Female
0.5 3.64 |4.07 438 |4.16 519 |5.09 5.44 | 5.47
1 4.40 |4.92 6.22 |5.34 6.85 |7.05 7.02 |7.13
15 4.84 |5.22 7.05 |6.11 7.49 |7.87 7.76 | 7.98
2 5.05 |5.19 7.23 | 6.56 753 |7.99 796 |8.29
2.5 510 |4.98 7.02 |6.77 7.22 |7.69 7.82 |8.25
3 5.04 | 4.69 6.58 |6.82 6.72 |7.16 7.48 |7.98
35 491 |4.37 6.03 |6.75 6.15 |6.52 7.04 |7.59
4 4.74 | 4.06 5.44 |6.59 558 |5.87 6.56 |7.13

Chemical Stimulation

Baseline | 100% Threshold | 150% Threshold | 200% Threshold
Time (sec) | Male | Female | Male | Female | Male | Female | Male | Female
0.5 545 | 4.75 463 |4.33 519 |5.09 529 |5.73
1 5.38 [4.75 6.37 |5.91 6.85 |6.60 7.20 | 7.50
15 5.10 |4.71 7.09 |6.78 749 | 7.43 8.07 |8.36
2 4.86 | 4.66 7.18 |7.17 753 |7.80 8.26 |8.63
2.5 469 |4.63 6.90 |7.21 7.22 | 7.85 8.03 |851
3 459 |4.60 6.42 |7.04 6.72 |7.70 7.58 |8.17
3.5 453 |4.59 585 |6.73 6.15 |7.40 7.01 |7.70
4 450 |4.58 5.27 |6.35 558 |[7.04 6.39 | 7.17
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chemical corneal stimulation experiments.

Table 5: Mean £(SD) pupil size between males and females for mechanical and

Mean Pupil (&) Sid.
Diameter Deviation

Sex {mm) (mm}
Baselina Mechanical Stimulus Male 45 0.7
Female 47 0.7
Total 4.6 0.8
Chemical Stimulus Male 4.6 0.7
Femala 4.7 08
Total 4.6 0.9
Total Male 45 0.7
Female 4.7 0.8
Tolal 4.6 0.8
0% Threshold Mechanical Stimulus Male 48 0.7
Female 4.5 07
Tolal 4.7 0.7
Chemical Stimulus Male 4.7 0.6
Female 4.6 0.7
Total a7 0.6
Talal Male 4.8 06
Famala a6 0.7
Total a7 0.7
100% Threshold  Mechanical Stimulus Male 6.2 0.4
Femala 6.1 0.3
Total 6.2 0.3
Chemical Simulus Male 6.2 0.3
Female 6.4 0.3
Total ] 0.3
Total Male 6.2 0.3
Female 6.3 04
Total B3 0.3
150% Threshold  Mechanical Stimulus Male 6.6 0.3
Femala 69 0.3
Total 6.7 0.3
Chemical Stimulus Male 6.7 0.4
Famale 71 0.3
Total 59 0.4
Taolal Male BE& 0.3
Famala 7.0 0.3
Total 6.8 0.4
200% Threshold  Mechanical Stimulus Male 7.1 0.2
Femala 75 0.4
Total 7.3 0.3
Chemical Stimulus Male 72 0.a
Femala 7.7 0.2
Total 75 0.4
Total Male 7.2 D2
Famale 76 0.4
Tolal 7.4 0.4
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Figure 12: Mean pupil diameter across different stimulus intensities for
mechanical (blue) and chemical (red) corneal stimulation experiments (error bars

denote 95% confidence interval).
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Figure 13: Mean pupil diameter across different chemical stimulus intensities for

male (blue) and female (red) subjects (error bars denote 95% confidence interval).
4.3.4 Effects of Sex and Stimulus Intensity on Pupil Diameter

There was a difference in pupil diameter between male and female subjects based on
stimulus intensity (ANOVA F(4,224) = 5.9, p < 0.05). Females had greater pupil

diameters than males at 150% threshold and 200% threshold (Tukey HSD p < 0.05).
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4.4 Discussion

To my knowledge the set of experiments performed in this chapter is the first time the
effect of noxious ocular surface stimulation on pupil response has been studied. From
the results of this study, suprathreshold stimulation of the cornea appears to evoke an
immediate dose-response like pupil size increase.

The dilator and sphincter pupillae muscles of the iris are innervated by sympathetic and
parasympathetic neurons respectively. Together, these smooth muscles work
antagonistically to control pupil size[9]. The Edinger-Westphal nucleus, located in the
midbrain, controls circular fibers within the sphincter pupillae to cause constriction of
the pupils, thereby mediating the pupillary light reflex[42]; it is however not involved
in dilation. The hypothalamus controls radial muscles in the dilator pupillae to cause
pupillary dilation[9]. The hypothalamus is also directly activated by ocular surface pain
via the trigeminal pathway[30, 31], therefore the pupil dilation response to nociceptive
corneal stimuli observed in this study may support the idea that a neural connection
exists within the hypothalamus linking dilation response and corneal nociception.

In line with my experiment, other studies have also reported a similar increase in pupil
size in response to noxious stimulation. Chapman et al[14] discovered that pupil
diameter increased when the intensity of painful fingertip stimulation was increased
and proposed that this pupil size change was a complex defensive response to

nociception mediated by the brain, thus a good indicator of central processing of painful
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stimuli. Larson et al[19], observed the effect of painful stimulation on physiological
factors such as pupil size, heart rate and arterial blood pressure in anesthetized subjects.
The researchers observed greater pupil sizes in subjects as painful stimulation increased
and went on to conclude that in comparison to heart rate and arterial blood flow, pupil
responses provide greater sensitivity as a measurement of noxious stimulation. Oka et
al[15], studied the pupil dilation response to nociceptive stimuli and concluded that the
increased pupil response to increasing noxious sensory input was not an artefact of
cognitive effort, independent of painful experience, as some researchers had earlier
suggested[43], but rather existed as part of a higher order defense response. In this
experiment, | assessed the effect of the sex of subjects on the pupil dilation response to
nociceptive corneal stimuli. From our results, there seems to be a difference in male
and female pupil responses to noxious ocular surface stimulation. Females had a greater
pupil size increase in comparison to males. Fillingim and Maixner[21] reviewed
experiments conducted by others on gender differences in responses to noxious
experimental stimuli using a ‘box-score’ or vote counting method and concluded that
“females exhibit greater sensitivity to noxious stimulation than males”. Population
based research by Unruh[22] shows that in comparison to men, there is a greater
prevalence of back pain, arthritis and headaches among women. These findings may
possibly be due to women having a tendency to honestly report pain (both acute and

chronic) more often than men[44]. Hypotheses about sex differences include sex-role
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expectations[45], hormones[46, 47], differences in skin thickness and body size[48]
and sensory differences between men and women[49]. Ellermeier and Westphal[20]
reported females had greater pupil dilation responses than males when high tonic
pressure was applied to the fingers of subjects, and in that same study, females reported
greater pain than males when the same amount of pressure was applied to the subjects’
fingers. Since it is not possible for one to voluntary control his/her pupil response to
noxious stimulation, the gender differences found in this study may point to affective
or sensory components of pain as opposed to subject bias in response[45] or attitudinal
factors[50].

Some experimental limitations of this study include a restriction to the stimulus
intensity range, a limit to the amount of time selected to observe the pupil response and
not observing several autonomic responses simultaneously. The highest stimulus
intensity used was twice the threshold. The potential to go beyond 200% threshold for
both mechanical and chemical corneal stimulation would be beneficial because
information regarding what happens to the pupil response at higher ocular surface
stimulation intensities remains unknown.

The impact of the menstrual cycle on pain in women has been well documented [27,
28], in this study | did not collect data regarding the female participant’s stage of

menstruation and ready accept that it may have an impact on the results. Further studies
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involving ocular surface stimulation and autonomic responses should factor in the effect
of the female menstrual cycle.

In assessing the pupil response to noxious stimulation, | limited the measurements to a
time frame of 4 seconds. This method was chosen because prior studies involving
painful stimulation and pupil responses[14, 15, 20] identified the greatest pupil
response within the first three seconds of the post stimulus period; however, the
potential to observe the pupil response over a longer period of time would provide
important information regarding the complete nature of the pupillary response to
noxious stimulation.

A review of the Table 4 and Figures 10 - 11 above, shows a greater pupil dilation
response for females than males across both modalities. Using a non-linear approach to
identify the effect of stimulus intensity on pupil size over time is accurate (as every
time point is considered) but very time consuming. The averaging procedure (similar
to an area under the curve approach used in blood glucose studies[51]) described in the
Analyses section of this chapter, presents a faster way to characterize the relationship
between pupil size, sex and stimulus intensity. In addition, averaging over time appears
to be a justifiable approach to analyzing pupil data because of the low temporal
resolution that is characteristic of the sampling procedure applied to acquire pupil size
and monotonic response of the pupils to stimulus intensity. It can be seen that similar

results were obtained when either the non-linear regression or the averaging approach
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was used to analyze the pupil response to ocular surface stimulation (see Tables 4,5 and
Figures 10 — 13).

In this study, I only assessed the pupil dilation response to noxious stimulation.
Research by Treister et al[52] suggests that a combination of several autonomic
measures provides more accurate relationship information to pain in comparison to
single measures, as such, other autonomic factors such as ocular surface blood flow

could have been investigated simultaneously.

4.5 Conclusion

In summary, this study provides some evidence that stimulation of the central cornea
by noxious stimulation in the form of mechanical and chemical stimuli, evokes a dose
dependent autonomic pupil dilation response. There seems to be a sex difference in the
pupil dilation response, with women having a greater response than men when
experiencing greater amounts of noxious stimulation. This study, together with
experiments from the previous chapter, serve as a basis for the characterization of the
local stimulus-response neural circuitry relating nociceptive stimuli to autonomic

responses.
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Chapter 5

Part A - Accommodative Response to Ocular Surface Stimulation

5.1 Introduction

Accommodation or the eye’s ability to focus and maintain clear vision when changing
view from a distant to a near target, or vice versa, is a reflex mechanism driven by
autonomic neuro-circuitry[1]. The autonomic nervous system innervation to
accommodation is composed of both sympathetic (inhibitory) and para-sympathetic
(excitatory) input[1-4]. In the unaccommodated eye, the ciliary muscle is relaxed and
exerts tension on the zonular fibers which then flattens the lens thereby reducing the
dioptric power.

Blur, proximity and retinal disparity are all factors that can stimulate accommodation[5-
7]; however, blur is the main stimulus to accommodation[6]. The pathway for visual
blur begins at the retinal cone receptors and from here, information is transmitted
through the optic nerve and reaches the lateral geniculate body (LGB). The neural
information is then transmitted to area V1 (visual cortex) for further processing. From
V1, the neural signal is translated into a motor command at the Edinger-Westphal (EW)
nucleus in the midbrain[8]. The pathway to the EW nucleus from the visual cortex
remains unclear; however, the neural information can be derived from several areas in

the cortex, midbrain and cerebellum[9-12]. The efferent pathway involves transmission

83



of the motor commands from the EW nucleus to the ciliary muscle in the eye via the
third cranial (oculomotor) nerve[13, 14]. When the motor command reaches the ciliary
muscle, it contracts and releases the tension on the zonules which causes the crystalline
lens to increase its dioptric power by becoming steeper in shape. Changes in the
vergence system and pupils, together with accommodation, ensures the maintenance of
a clear and single image and the near triad is used to describe the synkinetic association
between accommodation, vergence and constriction of pupil[15].

In the previous chapter, | investigated the response of the pupils to ocular surface
stimulation. A pupil dilation response to corneal chemical and mechanical stimulation
was discovered. In Chapter 3, the effect of ocular surface stimulation on conjunctival
redness was evaluated and a dose-wise increase to conjunctival blood flow due to
noxious corneal stimulation was found. Situ and Simpson[16] reported that chemical
and mechanical corneal stimuli evoked measurable tear secretion, with central corneal
mechanical stimulation producing the strongest lacrimation reflex. There are no studies
evaluating the effect of noxious stimulation on accommodation. Therefore, the
autonomic responses to corneal stimulation reported in the previous chapters led me to
explore whether noxious corneal stimulation had an effect on the accommodative

mechanism.

84



5.2 Methods

This experiment was divided into two components (Part A and Part B), and data from
the same subjects were used for Part A and Part B. Part A explored the effect of ocular
surface stimulation on the accommodative response while Part B investigated the
relationship between ocular surface stimulation and the pupil response while the eyes

were accommaodating.

5.2.1 Subjects

Ethics clearance was obtained from the Office of Research Ethics at the University of
Waterloo before commencement of the study. Eligible subjects signed an informed
consent document before enrolment in the study.

Fifteen healthy emmetropic subjects participated in this study. There were 8 male and
7 female volunteers ranging in age from 19 to 27. Subjects with self-reported binocular
vision anomalies were excluded from the study. One male subject dropped out of the

experiment because he was unable to complete the study due to personal reasons.

5.2.2 Power Refractor

In this study accommodative responses were measured with a validated eccentric infra-
red (IR) photorefractor[17], (Power Refractor, Multi-channel Systems, Reutlingen,
Germany), shown in Figure 14. The power refractor can be used in the binocular mode

to capture accommodative and pupil responses simultaneously at a sampling rate of
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25hz in both eyes. The power refractor consists of a portable computer connected to a
closed-circuit device (CCD) camera. Surrounding the CCD camera are six sets of nine

infra-red (IR) light emitting diodes (LEDs) arranged in the shape of a triangle[17, 18].
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Figure 14: Image of the Power Refractor (Multi-channel Co, Reutlingen,

Germany).

5.2.3 Computer-controlled Belmonte Esthesiometer

The computer-controlled Belmonte esthesiometer used in this study has been described
in different experiments[19-21] and in Chapters 3 and 4. Briefly, the modified device
used for the delivery of mechanical and chemical stimuli to the ocular surface consists
of a control box that electronically regulates the mixture of air and carbon dioxide
(CO>). The flow rates of air and concentration of CO> are separately controlled by two

digital flow controllers. Within the nozzle assembly is a thermostat to control
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temperature. A calibrated video camera was used to ensure that the stimulus was

orthogonal to, and the nozzle tip was 5mm from, the ocular surface.

5.2.4 Nociceptive Stimuli

Mechanical stimuli consisted of a series of air pulses with varying flow rates from 0 to
200 ml/min and chemical stimulation was delivered by increasing the concentration of
COz in the air. An ascending methods of limits[22] was used to determine mechanical
and chemical detection thresholds of the cornea. The flow-rate steps were set at 10
mL/min, and the mechanical threshold was the average of three readings when the
subject first reported the stimulus. For the chemical threshold, the stimulus flow rate
was set at half the initially determined mechanical threshold, and CO> was added to the
air in increments of 5% CO>. The chemical threshold was the average of three first

reports of stimulus detection.

5.2.5 Stimulus Delivery

The subjects wore in-ear headphones with noise playing in the background and room
temperature, illumination and humidity were kept constant throughout the experimental
procedure. The stimulus was presented at the corneal apex of the left eye while subjects
viewed a fixation target that was 3 meters away the subjects then turned and looked at
the photorefractor that was approximately 0.66 meters away. The tip of the

esthesiometer was rotated to ensure the stimulus was delivered approximately
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perpendicular to the corneal surface during stimulus delivery (the positioning was
approximated with the help of the Logitech cameras and the experimenter’s
judgement). The temperature of the air was set to 50°C, this decreased to 33.4°C at the
ocular surface at room temperature of 23°C. This was calibrated using a custom
electronic thermometer positioned 5 mm from the probe tip (which corresponds to the
position of the ocular surface in the experiments). The duration of the stimulus was 2
seconds and it was delivered to the ocular surface immediately after a blink. The subject
blinked freely between trials. The next stimulus was triggered after the sensation caused
by the last stimulus had disappeared completely.

Once the mechanical and chemical thresholds were determined, three stimuli and a
catch trial (0% threshold — no stimulus was delivered, the esthesiometer intensity setting
was zero) were then delivered to the subject in random order, in both the mechanical
and chemical stimulation experiments — stimulus at 0% threshold, stimulus at 100%
threshold, stimulus at 150% threshold, and stimulus at 200% threshold. The
accommaodative response at a sampling rate of 25Hz, over a 5 second period (while the
subjects fixated on a single high contrast (85%) color cartoon frame at 66¢cm) prior to

stimulus delivery (baseline) and after stimulus delivery were compared.
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5.2.6 Analyses

Measurement of accommaodative response at 25 Hz for 5 seconds provided a total of
125 data points. Each data point was screened and accepted if the following criteria
were met: the ocular alignment was less than 10 degrees and 5 degrees from the optical
axis of the photorefractor in the horizontal and vertical axes respectively, the pupil size
was above 3mm (as recommended by the manufacturer) and the responses were free of
blinks. Each participant needed to have at least 113 rows of acceptable data after
satisfying all the above criteria to be considered for further analysis (account for at least
90% of the acquired data). Each accommodative response value was then subtracted by
15D to account for the expected accommodation required at 66cm. The
accommodative response for the left and right eye was averaged and all acceptable data
points were used for the analysis. Data from one participant were excluded from the
analysis because the pupil diameters were less than 3mm.

Non-linear regressions were performed to explore the relationship between time and
accommodative response before and after stimulus delivery. Quantitative differences
in accommodative response, stimulus modality and intensity were analyzed using
repeated measures ANOVA. Tukey HSD tests were used for all post hoc analysis. SPSS
for Windows, Version 16.0 (Chicago, IL, SPSS Inc.) and Microsoft Excel for Windows
(Redmond, WA, Microsoft Corp.) were used for data analysis. An alpha value of 0.05

or less was assumed to be significant.
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5.3 Results

Non-linear regression was used to predict the accommodative response based on time
for all subjects at baseline and 200% threshold. A significant function (all p < 0.05),
y=C+(B*((A*time)/(EXP(A*time))) was used to fit all the data grouped by stimulus
intensity. Below are the results of the non-linear modeling where y is the
accommodative response and A, B and C are constants. The values of A, B and C for

the different stimulus modalities and intensities are displayed in Table 5 and the

corresponding plots are shown in Figure 15 and 16.

Table 5: The best fit values for the non-linear regression model used for

accommodative response in mechanical and chemical corneal stimulation

experiments.

Stimulus Intensity Value Mechanical Stimulation Chemical Stimulation
Baseline
2.7E-03 0.7
B 5.2 0
0 0
Sum of Squared | SS 24.7 28.6
Deviations
200% Threshold
2.7E-05 2.2E-05
B 0 2766.9
1.2 11
Sum of Squared | SS 34.5 32.4
Deviations

90




Mechanical Stimualtion @ Baseline Chemical Stimulation @ Baseline

Accommodative response (D)
Accommodative response (D)

Figure 15:Pre-stimulus accommodative response for all subjects in the mechanical (left) and chemical (right) corneal
stimulation experime
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Figure 16:Post-stimulus accommodative response for all subjects in the mechanical (left) and chemical (right)
corneal stimulation experiments.
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A summary of the mean (x SD) accommodative response across the different stimulus
intensities and modalities can be found in Table 6 below. Accommodative response at
baseline (before each measurement session), and with mechanical and chemical

stimulation of differing intensities grouped by modality are shown in Figure 17.

Table 6: Mean (= SD) accommodative response across the different stimulus

intensities in mechanical and chemical corneal stimulation experiments.

Stimulus Mean,
Moddity | ACgpmmodative Std. Deviation
Easeline Chetnical 0.00 0.49
IMechanical 0.00 0.46
Total 0.0 0.4z
0% threshold Chemmical 0.00 003
IMechamcal 0.0t 0.04
Total 0.00 0.04
Threshold Chetmical 023 0.49
IMechanical 039 0.42
Total 031 047
150%0 Threshold Chemmical 0.63 0.74
IMechanical 063 043
Total 043 0.62
200% Threshold Chemical 021 024
IMechanical 0.56 0.74
Total 0.&9 0.20
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5.3.1.1 Effects of Stimulus Intensity on Accommodative Response

Accommodation increased from baseline as the corneal apical stimulus intensity
increased. This happened regardless of whether mechanical or chemical stimulation
occurred (ANOVA F(4,2923) = 62.4, p < 0.05). At 200% threshold, accommodative
response was greater than all stimulus intensities (Tukey HSD, all p < 0.05).

Baseline accommodative change for the chemical and mechanical stimulation
experiments were not different from that at 0% threshold (Tukey HSD, all p > 0.05

between baseline and 0% threshold).

5.3.1.2 Effects of Stimulus Modality and Stimulus Intensity on Accommodative

Response

There was no difference in accommodative response between chemical and mechanical

stimulation based on stimulus intensity (ANOVA F(1,3248) = 2.9, p > 0.05).
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Figure 17: Accommodative response across different stimulus intensities for
mechanical (blue) and chemical (red) corneal stimulation experiments (error bars

denote 95% confidence interval).
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Figure 18: Box-plot of accommodative response between baseline and 0% stimulus
intensities for the mechanical corneal stimulation experiment (error bars denote

959% confidence interval).
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Figure 19: Box-plot of accommodative response between baseline and 0% stimulus
intensities for the chemical corneal stimulation experiment (error bars denote

95% confidence interval).
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Figure 20: The relationship between accommodation and stimulus intensity per

subject during mechanical stimulation of the cornea.
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Figure 21: The relationship between accommodation and stimulus intensity per

subject during chemical stimulation of the cornea.
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5.4 Discussion

5.4.1 Part A - Accommodative Response to Ocular Surface Stimulation

To my knowledge, this is the first study to investigate the effect of ocular surface
stimulation on accommaodation. The results of this experiment indicate an increase in
accommodation in relation to noxious corneal stimulation, and the increase in dioptric
power of the eyes occurred regardless of whether chemical or mechanical stimulation
was used.

Accommodation is the eye’s ability to focus and maintain clear vision when changing
view from a distant to a near target, or vice versa, and in the accommodated eye, the
ciliary muscle contracts thereby releasing the tension on the zonules which causes the
crystalline lens to increase its dioptric power[1]. The experiments in Chapters 3 and 4
of this thesis have demonstrated a dose-wise autonomic response to ocular surface
stimulation similar to that which has been observed in this chapter.

Suggestions have been made that small changes in the mean accommodative response
could be related to mechanical characteristics of the ciliary body[23] and a possible
explanation for the resultant accommodative increase from noxious stimulation could
be because the blood supply of the ciliary body (ciliary muscle and ciliary processes)
and that of the conjunctiva are from the same source[24]. In Chapter 3 of this thesis an
increase in conjunctival blood flow was reported because of noxious corneal

stimulation. Branches of the anterior ciliary arteries supply the conjunctiva, limbus,
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ciliary body and iris[25]. There are about seven anterior ciliary arteries and are
distributed as follows: three arteries supply the rectus muscles, after passing over the
muscle tendons of the rectus muscles, the arteries bifurcate and one set (major
perforating branches) penetrates the sclera to arrive at the ciliary body while the other
set of branches (episcleral arteries) continues on the surface of the eye[24]. Based on
the interconnectivity between the vasculature of the conjunctiva and ciliary body, |
propose that the resultant increase in blood flow in the conjunctiva from nociceptive
corneal stimulation causes a corresponding increase in blood flow to the ciliary body
which then contracts to bring about the accommodative change found in this
experiment. However, Dr Maria Costa stated that the blood flow increase on the ocular
surface may be insufficient to impact accommodation (personal communication Maria
Carmen Acosta).

The increase in accommodation might also be in response to blur. From Chapter 4, a
pupil dilation response to nociceptive corneal stimulation was observed, this dilation
can result in blurred vision which will trigger the accommodative mechanism to
increase the optical power of the eyes.

There is another possible cause of changes in optical power of the eyes that might
contribute in an artefactual way to provide a dose-related effect of pneumatic
stimulation. The esthesiometer blows onto the eye, disrupting the tear film. Until the

tear film is reformed (depending on many tear physical chemical factors and the
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participants’ blink-responses to stimulation [26, 27]), it can be assumed that the
stronger the flow of the stimulus, the greater the disruption of the tear film, so it might
not be surprising if a dose-related effect were found after pneumatic stimulation. There
are 2 major problems with this argument to account for the results. The first is that the
tear film would be ‘indented’ to a greater extent as the stimulus intensity increased,
resulting in negative power change, and this is exactly the opposite of what was found:
as the stimulus intensity increased, the eye appeared to accommodate, not relax
accommodation (the ocular power increased). A second flaw with the argument that
there are ‘simple’ mechanical dose-related effects that alter the tear film in predictable
ways to account for the optical changes measured, is with chemical stimulation: for
chemical stimulation, flow does not increase as stimulus intensity increases. For each
subject, flow is selected to be 50% of their mechanical threshold flow rate and that is
fixed at this flow (and so constant physical effects on the tear film surface are
experienced). Only the percentage of CO- is systematically increased as stimulus
intensity in the stimulus column increases, so there is no physical difference in tear film
morphology and a dose related effect cannot be ascribed to simple physical changes in
the tear film induced by the stimulus air column (conversation with Trefford L.
Simpson).

Two important components that impact the result of this experiment are the influence

of time on accommodation and the tendency for accommodation to occur in different
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directions (positive and negative accommodation). These factors led me to analyse the
data using a non-linear approach. The non-linear model used considers the effect of
time and ocular surface stimulation on accommodation at each data point and displays
the relationship between time, accommodation and stimulus intensity for all the
subjects. It can be seen from Figures 15 and 16 that for both mechanical and chemical
stimulation experiments, the model predicted a greater accommodative response when
200% threshold stimulus intensity was applied to the eyes in comparison to the pre-
stimulus baseline condition. Interestingly from visual inspection of Figure 16, the
accommaodative response appears to be at approximately the same amplitude while time
increases for mechanical stimulation, but for chemical stimulation, the accommodative
response seems to increase over time. This difference in accommodative response,
though not statistically significant, may have been brought about because of the
differences between mechanical and chemical stimulation that accounted for stimulus
modality induced conjunctival redness disparity discussed in Chapter 3 of this thesis.

The accommodative system appears to respond to noxious mechanical and chemical
stimulation of the cornea. This finding could possibly be due to the possible influence
of pupil size, an artefact in the experimental design, and/or instrumentation, or an actual
response of the accommodative system to pain. Further investigation is required to rule
out the possibility of an artefact causing this resultant accommodative response to

noxious stimulation identified in this study.
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Part B — Pupil Response to Ocular Surface Stimulation in the Accommodating
Eye

In Part A of this chapter, | looked at the response of the accommodative system to
mechanical and chemical stimulation of the cornea. There appeared to be an increase
in accommodation as a response to noxious corneal stimulation. Accommodation is
characterised by three major processes, otherwise known as the near triad — a change in
pupil size, vergence and shape of the lens[15]. In the accommodated state (when
focusing from far to near), the pupils constrict but research suggests that this
constriction is negligible when it is below or equal to 1D of accommodation[28, 29]

In Chapter 4 of this thesis the effect of ocular surface stimulation on the pupils was
investigated and there appeared to be a pupil dilation response to corneal stimulation
consistent with pupil dilation responses from other experiments[17, 18, 30-32]. Based
on the previous experiments and results of this thesis, | investigated the pupil response
to ocular surface stimulation (under the influence of accommodation) as a control study,
to rule out the influence of pupil size on the accommodative response detected by the

Power Refractor (Multi-channel Systems, Reutlingen, Germany) in Part A.
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5.4.2 Subjects

Ethics clearance was obtained from the Office of Research Ethics at the University of
Waterloo before commencement of the study. Eligible subjects signed an informed
consent document before enrolment in the study.

Data from the same subjects in Part A of this thesis were used for this control study. As
a recap, fifteen healthy emmetropic subjects participated in this study. There were 8
male and 7 female volunteers ranging in age from 19 to 27. Subjects with self-reported
binocular vision anomalies were excluded from the study. Two male subjects were
excluded from the experiment because one was unable to complete the study due to
personal reasons and the data from the other male participant did not meet the
manufacturer’s recommendation (the ocular alignment being less than 10 degrees and
5 degrees from the optical axis of the photorefractor in the horizontal and vertical axes

respectively).

5.4.3 Power Refractor

The Power Refactor (Multi-channel Systems, Reutlingen, Germany) was used to
capture the pupil response to ocular surface stimulation in the accommodated eye. The
binocular measurement setting was used, which provides information on the
accommaodative response along the vertical ocular meridian coupled with measurement

of pupil diameter. Measurements of pupil size are made using a contrast detection
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algorithm to locate the pupils and the first Purkinje image (personal communication

with Vivek Labishietey).

5.4.4 Computer-controlled Belmonte Esthesiometer

The computer-controlled Belmonte esthesiometer from the experiments of Chapters 3
and 4 (and described in other studies [19-21]) was used for this set of experiments.
Briefly, the modified device used for the delivery of mechanical and chemical stimuli
to the ocular surface consists of a control box that electronically regulates the mixture
of air and carbon dioxide (CO2). The flow rates of air and concentration of CO; are
separately controlled by two digital flow controllers. Within the nozzle assembly is a
thermostat to control temperature. A calibrated video camera was used to ensure that

the stimulus was orthogonal to, and the nozzle tip was 5mm from the ocular surface.

5.4.5 Nociceptive Stimuli

Mechanical stimuli consisted of a series of air pulses with varying flow rates from 0 to
200 ml/min and chemical stimulation was delivered by increasing the concentration of
COs: in the air while the subjects looked at a target 4 meters away. An ascending
methods of limits[22] was used to determine mechanical and chemical detection
thresholds of the cornea.

The mechanical threshold, which is the lowest air flow rate (with CO. set at 0%) that

the subject could detect, was first determined. The flow-rate steps were set at 10
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mL/min, and the mechanical threshold was the average of three readings when the
subject first reported the stimulus. For determining the chemical threshold, the flow rate
of air was set at half the initially determined mechanical threshold, and CO» was added
to the air in increments of 5% CO>. The chemical threshold was the average of three

first reports of stimulus detection.

5.4.6 Stimulus Delivery

Subjects wore in-ear headphones with noise playing in the background. The stimulus
was presented at the corneal apex of the left eye while subjects viewed a fixation target
that was 3 meters away. The tip of the esthesiometer was rotated to ensure the stimulus
was delivered perpendicular to the corneal surface during stimulus delivery. The
temperature of the air was set to 50°C, this decreased to 33.4°C at the ocular surface at
room temperature of 23°C. This was calibrated using a custom electronic thermometer
positioned 5 mm from the probe tip (which corresponds to the position of the ocular
surface in the experiments). The duration of the stimulus was 2 seconds and it was
delivered to the ocular surface immediately after a blink. The subject blinked freely
between trials. The next stimulus was triggered after the sensation caused by the last
stimulus had disappeared completely.

Once the mechanical and chemical thresholds were determined, three stimuli were then

delivered to the subject in random order in both the mechanical and chemical
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stimulation experiments — stimulus at 100% threshold, stimulus at 150% threshold, and
stimulus at 200% threshold. Pupil size was captured simultaneously every 0.04 seconds
by the Power Refractor (Multi-channel Systems, Reutlingen, Germany), while the
subjects fixated on a single high contrast (85%) colour cartoon frame at 66cm for a

period of 5 seconds prior to stimulus delivery (baseline) and after stimulus delivery.

5.5 Analyses

Measurement of the pupil response at 25 Hz for 5 seconds provided a total of 125 data
points. Each data point was screened and accepted if the following criteria were met:
ocular alignment was less than 10 degrees and 5 degrees from the optical axis of the
photorefractor in the horizontal and vertical axes respectively (as recommended by the
manufacturer), and the responses were free of blinks. Each participant needed to have
at least 113 rows of acceptable data after satisfying all the above criteria to be
considered for further analysis. The pupil response for the left and right eye was
averaged and all acceptable data points were used for the analysis.

Quantitative differences in pupil response, stimulus modality and intensity were
analyzed using repeated measures ANOVA. Tukey HSD tests were used for all post
hoc analysis. SPSS for Windows, Version 16.0 (Chicago, IL, SPSS Inc.) and Microsoft
Excel for Windows (Redmond, WA, Microsoft Corp.) were used for data analysis. An

alpha value of 0.05 or less was assumed to be significant.
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5.6 Results

A summary of the mean (+ SD) pupil response across the different stimulus intensities
and modalities can be found in Table 7 below. Pupil response at baseline (before each
measurement session), and with mechanical and chemical stimulation of differing

intensities grouped by modality are shown in Figure 22.

Table 7: Mean (= SD) pupil response across the different stimulus intensities in

mechanical and chemical corneal stimulation experiments.

Stimulus Modality hﬁiignpn“spél De%itgq['inn
Baseline Chemical 4.14 0.65
hechanical 4.13 0.73
Total 414 0. b5
100% Threshold  Chemical 3.97 0.55
hechanical 3.97 0.581
Total 3.97 053
180% Threshold  Chemical 3.94 0.67
hechanical 3.98 0.b4
Total 3.96 0. b5
200% Threshold  Chemical 3.94 072
hechanical 3.93 0.73
Total 3.93 0.7
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5.6.1.1 Effects of Stimulus Intensity on Pupil Response

Pupil response increased between baseline and the maximum stimulus intensity (200%
threshold) but there was no difference in pupil response between the stimulation
intensities (100%, 150% and 200% threshold). This happened regardless of whether
mechanical or chemical stimulation occurred (ANOVA F(3,9537) = 330.8, p < 0.05;

Tukey HSD, all p > 0.05 except at 200% threshold).

5.6.1.2 Effects of Stimulus Modality and Stimulus Intensity on Pupil Response

There was no difference in pupil response between chemical and mechanical

stimulation based on stimulus intensity (ANOVA F(1,3179) = 0.03, p > 0.05).
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Figure 22: Pupil response (in the accommodating eye) across different stimulus
intensities for mechanical (blue) and chemical (red) corneal stimulation

experiments (error bars denote 95% confidence interval).
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5.7 Discussion

In Part B of this chapter, | investigated the effect of ocular surface stimulation on the
pupil response while the eyes were accommodating to a target at 66¢cm. The results of
this control experiment suggest that there was no dose-dependent pupil response to
chemical and mechanical noxious stimulation of the cornea, and provide support to rule
out the suggestion that the increased accommodative response to ocular surface
stimulation (Part A), was due to an artefact of the effect of pupil size on the
accommaodative response.

The pupil response to accommodation when viewing a visual stimulus has been studied
extensively[29, 33-39] with findings that indicate that small pupils lead to increased
low frequency fluctuations in accommodation which are independent of the mean
accommodative response level. The experiment in Part B is different from other studies
assessing the pupillary response to accommodation because of the introduction of
noxious corneal stimulation. From the previous experiments in Chapter 4 of this thesis,
(and from previous experiments assessing the pupil response to noxious stimulation[40-
43]) there is an expectation that the pupils will dilate in response to ocular surface
stimulation in a dose dependent manner but in the experiments of this chapter, the pupil
response data is collected while the eyes are viewing an accommodative target and this

may account for the smaller pupils observed in the results of Part B.

114



The results of Part A suggested an increase in the optical power of the eye after ocular
surface stimulation. An increase in accommodation is associated with three key
processes (convergence, pupillary constriction and an increase in dioptric power of the
eye[15]), so | believe the increased accommodation (and convergence associated with
accommodation) may be responsible for the pupil constriction in Experiment B. Both
accommodation and pupillary constriction are mediated by the parasympathetic
division of the ANS, and the association between these two parasympathetic responses
can be traced to the EW nucleus[8, 44, 45]. Blur is the main stimulus to
accommodation[6] and the pathway for visual blur starts at retina where information is
transmitted through the optic nerve and reaches the lateral geniculate body (LGB).
From the LGB, neural information is then transmitted to the visual cortex (V1) for
further processing. From V1, the neural signal is translated into a motor command at
the EW nucleus in the midbrain[8]. The efferent pathway involves transmission of the
motor commands from the EW nucleus to the ciliary muscle in the eye via the third
cranial nerve[13, 14]. When the motor command reaches the ciliary muscle, it contracts
and releases the tension on the zonules which causes the crystalline lens to increase its
optical power by becoming steeper in shape. The midbrain EW nucleus also controls
circular fibres in the iris sphincter pupillae muscle to cause constriction of the

pupils[45].
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The explanation that increase in accommodation could be responsible for the pupil
constriction response to ocular surface stimulation is questionable as research suggests
that blur-driven accommodation on its own is not adequate to drive pupillary
constriction[46, 47]. During experimentation, subjects switch from looking at a target
4 meters away (during stimulation with the esthesiometer) to viewing a near target at
0.66 meters (during pupil response acquisition with the photorefractor), and this is
accompanied by a considerable amount of convergence. The effect of convergence on
pupillary constriction is well documented[34, 47-49] and because of this association, |
agree that the influence of both convergence and accommodation may be responsible
for the pupil constriction response of the experiments in this chapter.

There are some limitations to the experiments in this chapter. Many questions remain
unanswered as | was unable to use a stimulation intensity of more than 200% of the
threshold. Does the accommodative/pupil constriction response increase as the stimulus
intensity increases? Are there ceiling effects in the accommodative/pupil response?
These questions could have been addressed with greater simulation intensity levels.
An accommodative target at 66cm was used to stimulate accommodation in the
participants during experimentation. Varying the distance of this target can provide
information as to the nature of the accommodative/pupil response that occurs including
whether there is an increase or decrease in the accommodative/pupil response

(associated to noxious stimulation) when viewing a closer target (more accommodative
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demand). Finally, the effect of ocular surface stimulation on vergence can also be
evaluated in a bid to either confirm or deny the notion that convergence and
accommodation are responsible for the pupil constriction response observed in the

experiments of this chapter.

5.8 Conclusion

In summary, noxious stimulation of the cornea seems to produce a dose-dependent
increase in the optical power of the eyes but not a dose-dependent pupil response and
since there is no pupil effect with different doses different accommodative responses
(from Part A) are not a pupil artefact but rather a dose dependent effect from the noxious
stimulation. The behavior of the accommodative system when the cornea is stimulated
can be due to mechanical effects of the ciliary body or artefacts introduced through the
experimental design and/or instrumentation. Further investigation is required to
characterise and quantify the relationship between accommodation, pupil response and

noxious ocular surface stimulation.
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Chapter 6

General Discussion

This thesis is the first of its kind to investigate the functional response of the autonomic
nervous system (ANS) to ocular surface stimulation by measuring pupil size, ocular
vascular variations and changes in the accommodative state of the eye after the delivery
of noxious corneal stimuli. The results of the experiments contained in this thesis
suggest that the ANS actively responds to ocular surface stimulation in a dose-response
manner, so the amount of suprathreshold corneal stimulation causes a predictable
increase in each autonomic measure (that is conjunctival blood flow, pupil size and
accommaodation).

The ANS is important to human functioning as it acts below the level of consciousness
to regulate the organs of the body thus controlling secretory cells, smooth muscle and
cardiac muscle[1]. In the eye, the ANS is responsible for the control of pupillary
reflexes, accommodation and regulation of blood flow[2-4] among other functions.
Monitoring the impact of sensory stimulation of the ocular surface on these autonomic
reflex mechanisms has provided novel information about ANS functionality in healthy
individuals.

This thesis has demonstrated that the physiological measures that represent the ANS

response to ocular surface pain (namely pupil size, conjunctival redness and
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accommodation), are accessible, quick to capture and cost effective to obtain. Take for
example the experiments involving the pupillary response to corneal stimulation: two
Logitech ¢920 cameras (Logitech International S.A., Newark, CA) each costing less
than $100 were used to capture the pupil dilation response to corneal pain.

There is literature to support that acquiring several measures of the ANS in its response
to pain and combining these measures will provide better characterisation of the
relationship that exists between the ANS and pain[5]. Therefore, the proof of concept
that these autonomic responses do exist and are easily obtainable (as demonstrated by
this thesis) will perhaps prove beneficial in the creation of innovative pain metrics.
The results of the experiments in this thesis showed that with increasing stimulation of
the cornea, there were corresponding increases in conjunctival blood flow, pupil size
and accommodation. Belmonte et al (2015) describe nociceptors as “peripheral sensory
fibers acting as specific detectors for injurious stimuli”’; however, the collective
responses of the different components of the ANS evoked by ocular surface stimulation
may provide some support to the idea that corneal nociceptors might have additional
roles other than the detection of pain. Probable explanations for why each autonomic
response occurs in the first place might provide us with some insight into the auxiliary
functional roles corneal nociceptors may play in addition to its primary role of

sensation.
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In Chapter 3, the stimulated eye appeared redder than the unstimulated eye, which
suggests that corneal nociceptors may be involved in some form of local blood flow
regulation on the ocular surface. Research supports the idea that both an axon reflex
mechanism and a central neuronal reflex mechanism may drive the increase in
conjunctival blood flow that occurs with ocular surface stimulation, thus highlighting
possible vascular regulatory roles corneal nociceptors may be involved in[6-10].
Further investigation is needed into the auxiliary role corneal nociceptors may play in
conjunctival blood flow regulation during suprathreshold ocular surface stimulation.

Pupil dilation has been linked to an increase in concentration[11, 12] and attention[11,
13, 14], therefore the pupil dilation response experienced with suprathreshold corneal
stimulation may be indicative of a warning mechanism initiated by corneal nociceptors
to increase an individual’s alertness and prepare for impending danger. The exact
mechanism through which corneal nociceptors may cause pupil changes is unknown
and further investigation is required to elucidate this; however, based on literature, |
propose a neural connection between the corneal nociceptors and the locus coeruleus
(LC). The LC modulates pupil dilation by releasing norepinephrine which results in an
inhibitory effect on the parasympathetic oculomotor complex[15]. With the exception
of the basal ganglia, the LC (which is a brainstem nucleus found in the rostral pons)
sends noradrenergic projections to all other regions of the brain[16]. The greatest

projections from the LC are towards the parietal cortex, superior colliculus and the
120



thalamus[17, 18]. While the parietal cortex and superior colliculus play a role in
attentional processing[17], the thalamus is involved in pain processing including that
which occurs at the ocular surface[19]. It is therefore feasible to hypothesize that a link
between ocular surface pain processing, pupil dilation and attentional processing is
likely to exist and may be modulated by the LC.

In Chapter 5 of this thesis, there was an increase in accommaodation in response to ocular
surface stimulation. A possible explanation for the increase in accommodation due to
corneal stimulation could be because minor changes in the mechanical characteristics
of the ciliary body cause small shifts in accommodation[20]. Chapter 3 of this thesis
suggests that there is increased blood flow to the ocular surface when the cornea is
stimulated. The increase in conjunctival blood flow may bring about the slight changes
in accommodation observed in Chapter 5 because the ciliary body and conjunctival
vessels are supplied by the same vascular source[21]. Simultaneously imaging the
ciliary body and crystalline lens (perhaps using anterior segment optical coherence
tomography) while delivering nociceptive stimuli to the cornea could provide
information regarding what exactly occurs to the accommodative mechanism during
ocular surface stimulation.

The association between ocular surface pain and increase in accommodation can
perhaps be supported by the use of cycloplegia to treat ocular pain in ophthalmology.

Cycloplegia (the temporary paralysis of the ciliary muscle which causes a loss of
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accommodation and also induces pupillary mydriasis) has been used to treat ocular
surface pain[22-24], uveitis [25] and post photorefractive surgery pain [26]. It is
possible that minor changes in the mechanical characteristics of the ciliary body
brought about by ocular surface stimulation contribute to increased ciliary spasms that
lead to ocular pain therefore, paralysing the ciliary muscle reduces mechanical
influence on the ciliary body brought about by the conjunctival vasculature and leads
to a greater reduction of ocular pain. A simple experiment involving the instillation of
a topical vasoconstrictor followed by delivery of ocular surface stimulation while
observing the pre- and post-stimulus accommodative response can help identify the true
Impact of conjunctival blood flow on the accommodative mechanism.

Temporal effects were a major influence in the studies conducted in this thesis. For the
experiments in Chapter 4 and 5, a nonlinear regression model was adopted to describe
the influence of time on the pupil response and accommodation. Using a non-linear
approach to identify the effect of stimulus intensity on pupil size and accommodation
over time is accurate because every time point is considered. The accommodative/pupil
response to ocular surface stimulation is not monotonic, therefore, an analysis using an
averaging procedure is problematic as a positive accommodative response can be
canceled out by a negative accommodative response. Similarly, pupil dilation can be

cancelled out by pupil constriction.
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Two stimulus modalities were used in all the experiments of this thesis (mechanical and
chemical stimulation). For the experiments of Chapter 3, there was a difference in effect
of chemical and mechanical stimulation on conjunctival redness. In the pupil response
experiments, there was no statistical difference in the effect of chemical and mechanical
stimulation on pupil size; however, visual inspection of the effect of stimulus intensity
on pupil diameter chart (Figure 12) will reveal that the pupil diameters associated with
chemical stimulation are marginally greater than that associated with mechanical
stimulation at the greatest stimulus intensities. A similar observation can be made in
the results of the experiments involving accommodative response. These observations
may be attributed to the greater amount of time a chemical stimulus has on the surface
of the eye in comparison to a mechanical stimulus.

When a chemical stimulus (CO. mixed with air) is applied to the cornea, CO> mixes
with the tears on the surface of the eye resulting in a more acidic tear film[27]. This
acidic mixture has been shown to have effects similar to that produced by tissue acidosis
resulting inflammation or infection, and appear to stimulate corneal C fibers through
the mediation of ASICs and VVR1 receptors[28, 29]. CO- remains in the tears even after
stimulus delivery and the longer exposure may contribute to the greater autonomic
responses experienced when a chemical stimulus is applied to the cornea, as opposed

to mechanical corneal stimulation.
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The experimental design used in this thesis was susceptible to sequential and timing
effects. It is not uncommon that (because of superstitious behavior or the inappropriate
linking of a stimulus presentation with consequences) participants can identify hidden
patterns when stimuli are presented in a genuinely random manner[30, 31]. Research
shows that subjects’ responses are biased if stimulus delivery is associated with a
pattern[32]. As an example, in the detection threshold component of the experiments of
this thesis, stimuli were presented to all subjects using an ascending method of limits,
depending on the number of stimulus presentations required to detect the threshold, a
subject may have identified the ascending nature of the stimulus delivery and provided
a response well below/above his/her threshold, which would in turn influence the
suprathreshold stimulus delivery component of the experiments.

Time was a factor that played a significant role in all the trials. Apart for the temporal
effects associated with autonomic responses (explained above), the amount of time that
subjects kept their eyes open could have impacted the autonomic responses. Take for
example the experiments of Chapter 3 (conjunctival redness response to ocular surface
stimulation). The subject’s eyes remained open at different stages throughout threshold
detection as well as suprathreshold stimulus delivery. The increasing amount of time
that the eyes remain open causes ocular surface irritation which may cause an increase

in conjunctival blood flow (redness)[33-36]. Increased conjunctival blood flow can
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impact the ciliary body vasculature which may affect accommodation and influence the
experiments of Chapter 5.

The impact time has on the experiments in this thesis can only be controlled to a certain
extent. One way to limit this impact was to ensure that all the subjects within each set
of experiments experienced suprathreshold delivery and autonomic response data
acquisition within the same period. Clearly this was not possible during threshold
detection as the exposure would be based on how high or low a subject’s detection
threshold was for a stimulus. The impact of time is a shortcoming that needs to be
addressed in future ocular reflex studies.

This thesis has demonstrated that dose dependent relationships exist between ocular
surface stimulation and autonomic responses. The autonomic responses to noxious
stimulation are accessible and relatively easy to measure with the use of simple, cost-
effective instruments. Jointly, the autonomic response measures (namely conjunctival
blood flow, pupil size changes and accommodation) and their relationship with corneal
stimulation enable us, for the first time, to characterise the local stimulus-response
neural circuitry, relating nociceptive stimuli to autonomic responses. This in and of
itself is important, and sets the foundation to enable us to develop novel objective
metrics of ocular surface pain, something very important in non-communicative

patients and in infants.
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Chapter 7

Future Work

In this thesis, single autonomic responses were evaluated before and after noxious
stimulation to the cornea. Treister et al[1] suggest that combining several autonomic
measures would provide more accurate relationship information to pain in comparison
to single measures, so for future work, | hope to monitor multiple autonomic measures
simultaneously before and after stimulus delivery. For example, the experiment can be
modified to measure the conjunctival redness, accommodative and pupillary response
to noxious stimulation at the same time.

The corneal stimulus modalities used in the experiments in this thesis were mechanical
and chemical; however, the cornea responds to thermal stimulation[2, 3] as well so
future studies should be designed to assess the effect of thermal corneal stimulation on
autonomic measures.

Neuroimaging is the use of imaging techniques to directly or indirectly capture the
structure function of the nervous system, and includes brain imaging techniques such
as magnetic resonance imaging (MRI), cranial ultrasound, and positron emission
tomography, among others[4]. Information regarding activation areas of the brain
during the interaction between autonomic responses and noxious corneal stimulation

can be acquired by incorporating neuroimaging to the experiments performed in this
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thesis. In an attempt to predict pain from autonomic responses, subjective pain ratings
can be incorporated for each stimulus intensity, the relationship between stimulus
intensity, autonomic response and pain rating can then be analyzed in a parametric
way[5].

The experiments of this thesis used noxious corneal stimulation and for future work |
would like to incorporate other noxious stimulation techniques such as pressure to the
finger tips and tooth pulp while observing the ocular responses (if any) to the different

stimulation methods.
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