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Chapter 1

Introduction and Thesis Overview

Ocular m icrotremor (OMT), a high frequency low am plitude eye movement, is one of 

three fixational eye movements present even when the eyes are apparently at rest. The 

trem or is thought to be related to tonic neural discharges to the extraocular muscles 

originating in brainstem  neurons. OMT has been largely overlooked as a potential 

diagnostic aid in recent years for a num ber of reasons, including difficulty in 

m easurem ent, lack of clarity regarding the effects of psychoactive drugs and 

metabolic and neurological variation on OMT. The work presented here addresses 

some of these issues, to advance the utility of OMT in the clinical environment.

OMT has been investigated as a clinical correlate of brainstem integrity in 

neurological disorders ranging from multiple sclerosis to brainstem  death. The 

potential of OMT as a prognostic and diagnostic aid in a num ber of these neurological 

pathologies has been dem onstrated in exploratory clinical studies: OMT frequency is 

reduced in patients with multiple sclerosis, Parkinson's disease and oculomotor palsy 

com pared to healthy subjects. OMT frequency is also reduced during sleep, 

anaesthesia, barbiturate overdose, and in brainstem  lesions and comatose states. These 

findings lead to the suggestion that OMT is a measure of arousal and reflects activity 

in the reticular formation of the brainstem.

OMT is an aperiodic movement of the eye, with a high frequency and minute 

am plitude of oscillation. By virtue of its m inute size and rapid oscillation, it is a 

challenge to record OMT accurately. Commercial eye-trackers, and those developed to 

m easure fixational eye movements, do not have adequate resolution to measure OMT. 

Bengi and Thomas developed a piezoelectric strain-gauge in the 1960s, adaptations of 

which have been used in the majority of clinical studies of OMT. Some further 

adaptations have been made to the device for its use in the doctoral work presented 

here. Chapter 4 provides a description of the OMT PZT system used to study OMT in

14



this thesis. The methods, both novel and established for OMT param eter estimation 

are examined, and the technical specifications are pu t in context relative to the study 

of OMT in hum an subjects. Chapter 5 outlines the preliminary work done to bring the 

new OMT-PZT measurem ent system into clinical use. The disinfection protocol 

devised for safe usage of the device in hum an subjects is described. An investigation 

of the contribution of noise and interference to OMT recordings is also presented, and 

the chapter concludes with a detailed summary of the OMT m easurement protocol 

used in this thesis.

Chapter 6 investigates the repeatability, reliability and reproducibility of novel and 

established OMT signal analysis techniques and quantifies the effect of sources of 

variability on these parameters. The establishment of the reliability of OMT 

parameters in norm al subjects allows investigators in future studies using this system 

to determine whether a significant change in OMT has occurred with a 'treatm ent', a 

given pathology or disorder.

Chapter 7 and 8 present two novel, robust, randomized placebo-controlled cross-over 

studies on the effect of the commonly consumed psychoactive substances alcohol and 

caffeine on OMT. Chapter 7 explores the effect of acute alcohol consumption on the 

motor control of ocular microtremor. Acute alcohol intoxication was associated with a 

small but significant reduction in OMT peak frequency parameters in healthy subjects. 

As such alcohol should be considered as a confounding effect in studies of OMT in 

neurological im pairm ent such as brain injury, but it is unlikely to account for large 

differences in OMT param eters compared to a norm al population. Chapter 8 

demonstrates that acute caffeine consumption is associated with a small but 

significant increase in OMT peak frequency param eters in healthy subjects. This study 

provides further support for a link between OMT and arousal.

Previous clinical studies involving OMT have dem onstrated the diagnostic and 

prognostic potential of OMT as a measure of brainstem integrity. These investigations 

also provided insight into the neural origin of OMT. Two im portant neurologic 

diseases are investigated in Chapters 9 and 10: brainstem stroke and sixth nerve palsy.

The hypothesis investigated in Chapter 9 is that OMT as a functional indicator of 

brainstem integrity, could aid the diagnosis of brainstem  stroke, a challenging area for
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accurate clinical diagnosis. The ability of OMT frequency parameters to predict 

functional recovery following acute stroke w^as investigated, and provides a starting 

point for the investigation of a potential role for OMT as a functional indicator of 

brainstem  integrity in acute stroke.

Chapter 10 explores the relationship between OMT and extraocular muscle tension 

and neural firing, via an investigation of OMT in positions of gaze in healthy subjects 

and subjects w ith abducens nerve palsy. This study provides some tentative insights 

into the relationship between OMT frequency param eters and EOM tension and 

m otoneuron firing, inferred based on known relationships between EOM tension and 

m otoneuron firing in the extensive eye movement literature.

Im paired vision affects ocular m otor stability and has known effects on the larger 

fixational eye movements drift and microsaccades, but it is unclear whether OMT is 

affected by visual function. Visual feedback may influence development of 

oculomotor control, such that fixational eye movement, including OMT, is constrained 

in am plitude to prevent image blur on the retina. The effect of visual deprivation on 

OMT is unknown, and a preliminary investigation is presented in Chapter 11, 

contrasting findings in chronic and temporary visual deprivation with normal fixation 

conditions.

Chapter 12 concludes that OMT can be reliably measured, using the newly adapted 

piezoelectric m easurement system characterized in detail in this thesis in healthy 

populations as well as in neurologic and ophthalmic disease. As such the work 

presented here provides a sound basis for the piezoelectric system as a generalized 

discovery protocol for investigation of OMT in health and disease. The work has 

broadened the scope of OMT research, and points to a num ber of key areas ripe for 

further investigation.

16



Chapter 2

Literature Review

2.1 Introduction

This chapter reviews literature relevant to the study of eye movements in general and 

ocular microtremor in particular. Section 2.2 reviews the anatomy, neurophysiology 

and biomechanics of the eyes and extraocular muscles relevant to the study of OMT. 

Section 2.3 considers what is known about ocular microtremor itself in greater detail. 

Techniques for measurement and analysis of OMT are discussed. The reported 

characteristics of ocular microtremor in normal individuals, and physiological sources 

of variations therein are introduced.

2.2 Neurophysiology of the eye and ocular movement 

pertinent to the study of OMT

Basic eye anatom y and mechanics

The eye is a specialized organ for transmission of light energy onto the retina to 

generate nerve action potentials, which are processed in the brain resulting in 

conscious visual perception. The globe of the eye is idealized as a sphere of 

approximately 24mm diameter. In reality the globe is formed by two spheres; the 

cornea anteriorly, with a greater curvature than the sclera. The axial length shows 

considerable inter-individual variability. Average axial length is 24mm, with most of 

the population having an axial length in the range 21-26mm, however, myopic 

individuals ('short-sighted') have larger eyes (axial length up to 38mm or greater) and
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hyperopic individuals (Tong-sighted') have smaller eyes (<20mm). Assymmetry in 

axial length between the two eyes is common: studies suggest that one in seven 

people have inter-eye differences of at least 0.3mm, and the disparity increases with 

increasing axial length, to 2mm or greater. The cornea and sclera meet at the corneo

scleral junction. Together they form a tough fibrous coating which protects the globe, 

and provides support for attachment of the extraocular muscles. The sclera is a 

viscoelastic tissue, composed of dense irregular connective tissue, mainly collagen 

(types I and III) with limited am ounts of elastic tissue. This structure gives the sclera 

great tensile strength and flexibility so that the globe shape is maintained despite 

changes in intraocular pressure and contractions of extraocular muscles. The 

extraocular muscles insert onto the surface of the sclera, and scleral collagen fibrils are 

arranged in whorled bundles around the muscle insertions.

Anatomy of Extraocular muscles

There are six extraocular muscles which serve to rotate the globe of the eye: four recti 

(medial, lateral, superior and inferior) and two oblique muscles (superior and 

inferior). Tlie recti and the superior oblique take origin at the apex of the orbit on the 

annulus of Zinn. The inferior oblique's origin is on the infero-nasal orbital wall. The 

insertions of the recti are anterior to the equator of the globe, and the obliques insert 

posterior to the equator. Muscle tissue of the medial and lateral recti inserts directly 

into the stroma of the sclera. Each rectus muscle has two layers: an inner global layer 

which inserts onto the globe, and an outer orbital layer which inserts into the fascia of 

a fibrous structure called Tenon's capsule.

Hum an extraocular muscles are a specialized type of skeletal muscle. Their fibres are 

small, of variable diameter, and receive rich innervation. The ratio of muscle fibres to 

motoneurons (motor unit size) is the lowest in the body, at 10 or 20 fibres per 

motoneuron, which allows high precision in movements. They are composed of both 

'tw itch' (which have a single m otor end-plate per muscle fibre and generate action 

potentials) and 'non-tw itch' or 'tonic' fibres (which have m ultiple end-plates along 

their length and exhibit graded contractions to trains of electrical stimulation). Hum an 

adult skeletal muscle is composed almost entirely of 'tw itch' fibres. 'Tonic' muscle 

fibres are extremely rare in hum an skeletal muscle apart from the extraocular muscles 

are only found in the stapedius of the inner ear and the skeletal muscle spindle 

intrafusal fibres. 'Tonic' fibres are also found in birds and reptiles, where they are
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important for position-holding (e.g. in the chicken the folded wing position is 

maintained by tonic fibres in the latissimus dorsi). Extraocular muscles also contain 

'interm ediate' fibres, which have multiple end-plates per fibre, and also generate slow 

action potentials. The threshold endplate potential required to produce an action 

potential is smaller in extraocular muscle than skeletal muscle (i.e. extraocular muscle 

has a lower 'safety factor'). 'Safety factor' in regard to muscle fimction refers to the 

amount by which neurotransm itter release at the neurom uscular junction exceeds the 

amount required to trigger an action potential in that muscle fibre (Wood and Slater, 

2001). Singly-innervated fibres have a low 'safety factor' because of less prominent 

synaptic folds, fewer post-synaptic acetylcholine and sodium receptors. Tonic fibres 

have no real 'safety factor' because force generation is directly proportional to 

depolarization resulting from endplate potential.

The extraocular muscles are composed of two general zones or layers: a peripheral 

orbital layer and an inner global layer, as outlined above. The orbital and global layers 

are thought to have specialized properties for different functions. The mechanical load 

on the orbital layer is thought to consist mainly of the elasticity of the attached 

connective tissue of the pulley system; the orbital fibres maintain active tension to 

avoid slack in the system, therefore they receive the tonic 'step ' innervation. The 

global layer's mechanical load is the viscosity of the relaxing antagonist extraocular 

muscle.

The orbital and global layers of extraocular muscles also differ in histological muscle 

fibre composition. There are six distinct histological types of muscle fibres: two in the 

orbital layer, and four in the global layer. The orbital layer is mainly composed of 

singly-innervated, fast-twitch generating muscle fibres (SIF), which are fatigue- 

resistant and highly vascularised, specialized for intense oxidative metabolism. The 

remaining fibres are m ultiply innervated (MIF) and their function is unclear. The 

global layer is composed of almost entirely of SIFs, but these are more variable than in 

the global layer. About one-third are similar to the orbital layer SIFs, the remainder 

have less fatigue-resistance, but can produce the transiently high force required to 

move the eye to a new position (with pulse innervations) during saccades. There is no 

direct electrophysiological evidence for different contributions of the different fibre 

types to different eye movements. However, some EMG electrode studies of discharge 

in human extraocular muscles (lateral rectus) suggest that orbital layer fibres are
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active (have recordable action potentials) for the entire range of eye movements. EMG 

recordings from the medial and lateral recti suggest that while the inner global layer 

receives both 'step ' and 'pulse' iiinervation, the outer orbital layer receives only the 

step of innervations. The orbital layer has a lower recruitment threshold than the 

global layer. In fixation, global fibres become recruited when the eye moves into the 

field of action of a given extraocular muscle. During a saccade, both the orbital and 

global layers are activated, but the global layer activity decreases afterwards, possibly 

because the less fatigue-resistant fibres are only active during the initial movement of 

a saccade when a large force is required. One type of extraocular muscle fibre, the 

global MIFs, have substantially different properties to the other fibre types. They have 

synaptic endplates along the whole fibre length. There are proprioceptive palisade 

endings at their myotendinous junctions, and they may contribute to extraocular 

muscle proprioceptive feedback. They exhibit tonic firing properties, similar to 

am phibian muscle, with neural activation effecting a slow non-propagated response -  

this lack of action potential means their activity cannot be m easured using EMG 

methods, so EMG studies do not provide the entire picture of extraocular muscle 

activity. Unlike the other fibre types the orbital MIFs are not innervated by 

m otoneurons from within the abducens, trochlear or oculomotor nuclei (Buttner- 

Ennever et al., 2004), rather they receive inputs from pretectal and medullary 

structures concerned with gaze-holding and vergence.

T enon 's capsule and the Active Pulley H ypothesis

Tenon's capsule is a fibrous sac which suspends the globe within the bony orbit. 

Tenon's capsule is attached anteriorly to the globe behind the comeal limbus, and 

posteriorly to the orbital fat surrounding the optic nerve. There are further 

attachments between the anterior part of the capsule at the limbus and the orbital rim, 

such that the globe is suspended in fibrous tissue which mechanically affects 

rotational movement. As mentioned above, the orbital layers of the recti muscles do 

not insert into the globe, rather they form fibromuscular structures within Tenon's. 

The global layer of the recti are enveloped by these sleeve-like structures. Near the 

equator of the eye (approximately 10mm posterior to the global layer insertions), these 

sleeves form thickened fibromuscular 'pulleys', wliich are attached to the orbital wall, 

adjacent extraocular muscles and Tenon's fascia by bands of collagen, elastin and 

smooth muscle. The extraocular muscles are connected through these pulleys: the 

lateral rectus and inferior rectus pulleys receive insertions from the orbital layer of the

20



inferior oblique, while the superior oblique orbital layer inserts onto the superior 

rectus pulley. These pulleys are thought to be stabilizing structures which limit 

sideways slippage of the recti during rotation of the globe. It is thought that the 

insertion of the orbital layers into the pulleys helps overcome resistance to eye 

movement resulting from the connective tissue surrounding the globe, and that 

pulleys may actively contribute to eye rotations by determining pulling directions of 

the extraocular muscles. This hypothesis is however complicated by studies showing 

that the orbital and global layers may not be capable of independent contraction.

A basic introduction to three-dimensional eye rotations and the actions of EOM

TTie eyes rotate about three axes which pass through the centre of rotation of the 

globe: X (parasagittal), y (transverse) and z (vertical). Linear movements (translations) 

of the globe also occur, but are small due to the properties of Tenon's capsule (as 

above). The action of an extraocular muscle depends on the position of the eye in the 

orbit (see Table 2.1). It is im portant to differentiate between primary, secondary and 

tertiary 'eye position' and primary, secondary or tertiary 'extraocular muscle action' 

(see definitions in appendix). The primary action of an extraocular muscle is the eye 

movement that occurs, when the eye is in a position such that the line of sight is 

coincident with the muscle plane, so that no torsion occurs during contraction of the 

muscle. The secondary and tertiary actions refer to the axes about which additional 

rotations of the eye also occur with contraction. The superior and inferior recti are 

mainly involved in vertical rotations: elevation and depression of the eye, but with 

contraction torsional and horizontal rotations also occur. The obliques mainly produce 

torsional rotation, but other rotations occur depending on the globe position. The 

work presented in this thesis refers mainly to movement of the eyes about the 

horizontal plane. Horizontal motion of the globe may move the eye away from the 

midline (abduction) or in towards the midline (adduction). Contraction of the medial 

and lateral recti produces horizontal movement of the globe (abduction and adduction 

respectively) in almost any vertical position of the eye.
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Extraocular muscle Primary action Secondary action Tertiary action

Latera l  r e c tu s A b d u c t io n *

M ed ia l  r e c tu s A d d u c t io n *

S u p e r io r  r e c tu s  

In fer io r  r e c tu s

Elevation In tors ion A d d u c t io n *

D ep ress io n

In torsion

Extorsion A d d u c t io n *

S u p e r io r  o b l iq u e  

In fer io r  o b l iq u e

D ep ress io n

Elevation

A b d u c t io n *

Extorsion A b d u c t io n *

Table 2.1. Pulling actions of the extraocular muscles in the primary position (adapted 

from Leigh and Zee (2006) p.388)

Anatomy and Physiology of Other Ocular Structures Relevant to OMT

Orbital supporting tissues impose mechanical forces on the eye during eye 

m ovem ents (Leigh, 2006). Viscous drag forces m ust be initially overcome to move the 

eye; elastic forces act to restore the globe to its central position when the eye is held 

eccentrically (i.e. away from the prim ary position). The 'pulse-slide-step' is a 

complicated ocular motor command that overcomes these forces during eye 

m ovem ents (See Leigh, 2006 for review). Tlie 'pulse', or velocity' command, is a burst 

of innervation that overcomes orbital viscous drag. The 'step', or position command, 

is innervation that produces steady extraocular muscle contraction to hold the globe at 

an eccentric position against elastic forces, and maintain fixation. Ocular motor 

com m ands for all conjugate eye movements and for vergence eye movements have 

velocity and position signals. A neural integrator generates the position command by 

mathematical integration of the velocity signals from neurons with firing rates 

representing eye velocity with respect to time (Cannon and Robinson, 1985, Cannon 

and Robinson, 1987, Arnold and Robinson, 1997). The neural integrator outputs 

position as a firing rate which has a linear relationship with eye position.

A neural integrator is a system with a stable range of firing rates corresponding to a 

graded param eter of a given stimulus. The firing rate of the system changes in 

response to a new stimulus. The new firing rate is determ ined by a combination of the 

initial firing rate, which in turn was in response to previous stimuli, and the new 

stimulus. This is considered 'integration' of the new external stimulus. Integration
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may occur temporally (new inputs from the same source) or spatially (new inputs 

from different stimuli).

The oculomotor "neural integrator" is thought to maintain stable eye position by 

temporally integrating velocity commands or sensory signals into position signals to 

extraocular motor neurons (Arnold and Robinson, 1997). Experimental data from 

primates and cats implicates two brainstem nuclei (the nucleus prepositus hypoglossi 

and the medial vestibular nucleus) as the likely location of the velocity-to-position 

neural integrator (Langer et al., 1986). How temporal integration occurs within this 

neural integrator is not fully understood, although putative mechanisms include 

neural networks, feedback models and synaptic plasticity (Aksay et al., 2007).

Eyelids And Eyelid M ovem ent

The position of the eyelids is influenced by four different forces. The two upward 

forces on the eyelid are the powerful, striated, levator palpebrae superioris (LPS) 

muscle and its smooth muscle part, the superior tarsal muscle. Downward forces are 

contributed by stretching of tendons and ligaments connected to the obicularis oculi 

and levator muscles. Voluntary closure of the eyelids involves brief contraction of the 

orbicularis oculi with inhibition of the tonic activity in the LPS muscle which preceeds 

and outlasts the OO contraction period. The eyelids also follow upw ard and 

dow nward saccades, with coordination between the vertically acting extraocular 

muscles and levator palpebrae superioris. On looking upw ards, a burst of activity in 

the LPS causes it to contract further, raising the eyelid. On looking downwards, the 

LPS muscle relaxes and elastic forces entirely determine the dow nw ard movement of 

the upper eyelid. These elastic forces are attributed to the levator aponeurosis, the 

palpebral canthal tendons and the superior transverse ligament and possibly also 

upper eyelid stiffness and viscosity. During spontaneous blinks, which occur at 

individually variable rates of 10-20 times per minute, there is a burst of activity within 

the orbicularis ocuH, with silencing of the tonic activity in the LPS.

Tear Film

The tear film is a complex structure covering the ocular surface, the cornea and 

conjunctiva. It consists of three layers, an outer lipid layer produced mainly by the
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meibomian glands of the upper and lower eyelids, a m iddle aqueous layer, 0.7-1.0mm 

thick produced mainly by the lacrimal gland, and an inner mucous layer, 0.2 to 1.0mm 

thick produced by conjunctival goblet cells and the corneal and conjunctival epithelia. 

Blinking releases stored lipid tear constituents from the meibomian ducts and 

secretion is thought to be regulated by parasym pathetic neurotransmitters, such as 

acetylcholine, VIP and NYP. Lacrimal gland secretion is regulated by a reflex neural 

arc whose afferent limb is composed of the sensory nerves of the cornea and 

conjunctiva. Mechanical, thermal or chemical stimulation of these sensory nerves 

activates the efferent limb of the neural arc, predom inantly parasympathetic nerves 

containing acetylcholine and VIP, and a small num ber of sympathetic nerves 

containing noradrenaline and NPY, to stimulate both lacrimal gland secretion of 

aqueous constituents and goblet cell secretion of mucin. Bright light stimulation of 

the optic nerve also mediates reflex lacrimal gland secretion. The tear film is 

im portant in the maintenance of the smooth optical properties of the cornea.

Function and classes of eye m ovem ents

Eye movement facilitates vision (Leigh and Zee, 2006). The fovea is the part of the 

retina with greatest density of photoreceptors. For clear vision of an object of interest, 

the image of that object m ust be brought within about 0.5 degrees of the foveal centre, 

and held relatively steady with image drift of less than 5 degrees per second. Eye 

movements align gaze with a visual target: 'gaze-aligning' or stabilize images on the 

retina and maintain vision during head movement: 'gaze-stabilizing'.

'Gaze-stabilizing' movements include the vestibulo-ocular and optokinetic reflexes 

and smooth pursuit. The vestibulo-ocular reflex (VOR) maintains stable gaze in 

response to transient head movements. 'Gaze-aligning' movements change the angle 

of gaze to direct the line of sight to an object of interest (Leigh and Zee 2006). Gaze 

aligning movements include saccades and vergence. Saccades are fast eye movements, 

which 'capture ' a target on the fovea. Saccades result from auditory, visual, memory- 

related and visual-search related stimuli. Stimulus detection is followed by a 200ms 

delay during which neural processing is thought to occur in the retina, cerebral cortex, 

superior colliculus and cerebellum. The neural command for voluntary saccades is 

then mediated by brainstem neurons in the param edian reticular formation. Vergence 

movements move the eyes in opposite directions so the image of an object of interest 

is held at the fovea of both eyes simultaneously. Vergence m.ovements include
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fusional vergence, which occurs in response to disparity of image locations on the 

retina, and accommodative vergence, which occurs as part of the near triad 

(accommodation, convergence and pupil constriction) in response to loss of focus of 

an image on the retina.

The relatively steady maintenance of an image on the retina is termed 'fixation'. 

However the eye is not completely still during fixation. Small movements of the eyes 

that occur during fixation are called fixational eye movements. It is unknown whether 

fixation occurs merely as a result of suppression of image motion, or from a separate 

fixation control system. For activities requiring steady fixation such as threading a 

needle, suppression of saccades occurs. This suppression is m ediated by neurons in 

the frontal eye fields and the superior colliculus (Leigh and Zee, 2006).

Eye movement is a complex system whose control is subject to constant adjustment 

and adaptation m ediated by the cerebellum and cortex. Such adaptation helps 

maintain optimal visual performance by recalibrating eye movements in response to 

processes such as disease and aging (Leigh and Zee, 2006).

Neural control of Eye M ovem ent

The system controlling eye movements, from the molecular to the complex behavioral 

level, is probably the best understood motor system (Daroff, 2002). An im portant 

reason why eye movements are so well studied is because they can be relatively easily 

and accurately recorded, in a controlled manner, using a variety of means. The 

situation is much more complex in the case of limb movements, for a num ber of 

reasons (Robinson, 1986); The eye has only one "joint", which is acted on by linear 

forces, generated by reciprocally innervated muscles. In contrast, the limbs have 

multiple joints, acted on by non-linear forces, and additional external forces, 

generated by muscles which are not always reciprocally innervated and have the 

additional complexity of stretch reflexes. Furthermore, the m otoneurons generating 

eye movements are precisely identified, and their discharge has been measured, 

meaning eye movements can be studied with a 'bottom -up' approach, beginning with 

the brainstem m otoneuron firing and building a m odel increasing in complexity, 

including recordings from the cerebral cortex. Conversely, for limb movements,
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recording from spinal motoneurons and spinal cord premotor neurons has been 

historically more difficult(Robinson, 1986), necessitating a complicated 'top-dow n' 

approach, with difficulty in relating cortical neural recordings to downstream  

movement control.

Theoretical models of eye movement control, notably including Robinson's model 

(Robinson, 1973), developed from mechanical control theory. In control theory, a 

'plant', refers to the device which produces the final output. In the context of eye 

movement control, the oculomotor plant refers to the system being controlled by the 

brain: the globe itself and all structures that influence its rotation, including the 

extraocular muscles, orbital suspensory tissues and other passive orbital tissues. The 

final output is eye movement, which can be m easured quantitatively. The inputs to 

the oculomotor plant, are still a subject of considerable debate. The assum ption that 

there is an oculomotor plant, mediating a fixed relationship between m otoneuron 

firing and eye movement kinematics, is not necessarily correct. The relationships 

between m otoneuron firing rate and eye position, and m otoneuron firing rate and 

muscle force, are in fact under supernuclear control. Influences from extraocular 

muscle pulleys and complex nonlinear interactions among parallel and serially 

connected muscle fibres may also play a role in determ ining eye movements.

Engineering models of eye movements suggest that two classes of controlling forces 

are generated to achieve an eye rotation: a pulse and a step command. The 'pulse' is a 

burst of force which controls the velocity of the eye movement. In the new position, 

the eye w ould be draw n slowly back to the prim ary position due to elastic muscle 

forces, but for the 'step ' force. The 'step ' is a prolonged increment (or decrement) in 

muscle force that holds the eye in the new position after the desired movement is 

completed (Robinson 1964). The origin of these pulse and step commands is still 

somewhat controversial.

Ocular microtremor is thought to result from the extraocular muscles' incompletely 

fused tetanic contractions (Ditchbum and Ginsborg, 1953b). Extraocular muscle 

contraction occurs in response to m otor neuron innervations. The extraocular muscles, 

and their m otor neurons, are rarely electrically 'a t rest' -  the exception being during 

deep sleep or anaesthesia (Breinin, 1962). In hum ans the extraocular muscle fibres 

which are constantly active during fixation with the eye in the prim ary position are 

located in the orbital layer (Scott and Collins, 1973), which has a rich blood supply and
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contains small, multiply-innervated, fatigue-resistant fibres. Electromyographic 

recordings from m otor units in the hum an lateral rectus, with the eye in the primary 

position, show tonic discharge at between 60 -  120Hz in alert hum ans (Marg & 

Jampolsky 1962 Activity of hum an oculorotatory...) and monkeys (Fuchs and Luschei, 

1972). Kuboki (Kuboki, 1957) reported a peak of EMG recording activity at 70-80H 

when the eye is maintained in the primary position, increasing to frequencies of 

120Hz with the eye in 20 degrees of adduction. This tonic firing has been shown in 

animal studies to persist despite decortication, decerebration and spinal transaction, 

and is thought to be maintained by brainstem arousal centres including the reticular 

formation (Breinin, 1962).

The tonic discharge of motor neurons in the oculomotor and abducens nuclei is 

determ ined by prem otor neurons in the medial vestibular nucleus and the prepositus 

hypoglossi (Seung, 1996). During fixation, om nipause neurons in the nucleus raphe 

interpositus in the brainstem maintain a high tonic discharge rate, this discharge 

tonically inhibits activity in 'burst' neurons. Burst neurons are activated during 

saccades - the tonic discharge of omnipause neurons stops completely during 

saccades, about 16ms before a saccade commences (Luschei and Fuchs, 1972,

Rayboum and Keller, 1977).The origin of tonic discharge with the omnipause neurons 

is unknown.

Spauchus (1999) proposed that central drives tending to synchronise EOM unit 

discharge at particular frequencies were responsible for drift and OMT frequency 

spectra. They found experimental evidence for coherence in drift and OMT 

movements between two eyes. In particular they found evidence for 80Hz rhythmic 

waves which were correlated between the two eyes, and speculated that this 

coherence reflected a pattern of presynaptic drive which was common to the motor 

units of the two eyes.

Factors other than m otoneuron firing alone are thought to influence OMT movement 

(Bengi and Thomas, 1973, Sheahan, 1992b). An im portant putative factor is the 

mechanical response of the oculomotor system (including the globe, orbital connective 

tissues and extraocular muscles) to the tonic contraction of extraocular muscles. Two 

theoretical models have been proposed to explain the origin of ocular microtremor 

frequency spectra: the 'neurological' and 'neurom echanical' models. The 'neurological
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model' proposes that the frequency of OMT is mainly determ ined by the discharge 

pattern of high frequency unsynchronised firing of motor neurons innervating the 

extraocular muscles (Bengi and Thomas, 1973, Eizenman, 1985). For horizontal OMT 

movement, the neurological model suggests the OMT frequency is a result of summed 

neural inputs to the medial and lateral recti. This model largely disregards any 

mechanical response factor.

By contrast, the 'neuro-mechanical m odel' holds that OMT frequency spectrum 

reflects the underdam ped mechanical resonance of the eye, i.e. the eye's mechanical 

frequency response to neural inputs. Bengi and Thomas (1973) conducted experiments 

'loading' the eye with small weights while recording the effect on recorded eye 

movement frequencies. They concluded from this work that an observed peak in their 

OMT frequency spectra at 35 -  40Hz was due to mechanical resonance of the 

oculomotor system and another peak at 70 -  80Hz originated from rhythmical firing 

of extraocular muscle m otor units at a particular preferential firing rate. Sheahan 

(1992) found experimentally observed OMT frequency spectra were more closely 

predicted by a neuromechanical model than a neurological model. Schor (2003) 

summarises the current view, that high frequency OMT movement reflects a filtered 

version of the asynchronous firing of individual extraocular muscle motor neurons, 

filtered by the oculomotor system 's mechanical properties.
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2.3 Critical Review of OMT literature

Critically im portant to the application of OMT as a clinical diagnostic device is the 

standardisation of m easurem ent technique, signal analysis and signal description. 

Further, know ledge of physiological factors contributing to variability in the 

m easurem ents is necessary in order to m aximise m easurem ent precision in the clinical 

setting.

This review is a qualitative descriptive analysis of the research available on the 

variability, reliability and reproducibility of OMT m easurem ents. Further aims are to 

critically evaluate the quality (internal and external validity -  bias, applicability, 

conduct and reporting (W hiting et al., 2005) of prim ary studies in this field and to 

assess the variability (heterogeneity) in their m ethodology and results. This will 

provide a know ledge-base for the m easurem ent of OMT in healthy subjects that can 

be used in future stud ies on ocular m icrotrem or.

2.3.1 OMT analysis techniques and variability

A num ber of reports of repeated m easures of OMT from norm al individuals under 

different experim ental conditions or over tim e have been published (A ppendix 1). 

Investigation of variance in OMT m easurem ents m otivates a large part of Bolger's 

thesis on OMT (Bolger, 1994a). M uch of the evidence regarding physiologic variation 

in OMT is based on critical analysis of his work. Bolger's w ork used a piezoelectric 

strain-gauge (Figure 2.1 and 2.2) built and described in detail by Sheahan (Sheahan, 

1992a, Sheahan et al., 1993). The piezo-electric technique, em ployed in the majority of 

studies reviewed here (including those by Bolger) gives a true representation of the 

frequency and pattern  of OMT but not of am plitude. For this reason, m ost of the 

review ed studies repo rt frequency param eters only. It is thought that m ost of the 

clinically relevant inform ation in OMT signals is m ost likely contained in the 

frequency content of the signal, w ith am plitude providing relatively little inform ation 

(Bolger, 1994a), although this hypothesis is not evidence-based.
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Figure 2.1 (a) OMT piezoelectric strain-gauge built by Sheahan and used in Bolger's 

work, with (b) computer acquisition system (reproduced from Sheahan 1993)

Figure 2.2 OMT piezoelectric strain-gauge system shown in Figure 2.1, demonstrating 

OMT probe being brought into contact with anaesthetised scleral surface under 

manual adjustment.
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Three general areas investigated in terms of OMT variability emerge from the 

literature and are reviewed separately here:

1. Variability due to OMT m easurem ent procedure (individual elements of 

eyelid retraction, headset, operators, and also the m easurement procedure as 

a whole)

2. Variability due to assessment of OMT records (pattern analysis, spectra, 

signal length, observer effects, m anual and automatic analysis). This is further 

divided here into:

a. variability in record analysis, and

b. variability due to observer effects.

3. Physiological variation in OMT (between eyes, gender, age, day-to-day, 

circadian, deviation of eyes, illumination, fixation, posture, alertness)

Rigorous examination of variance inherent in measurem ent and assessment of OMT 

records was first reported by (Sheahan, 1991) and supplem ented by (Bolger, 1994a). 

However, normal physiological variation is less thoroughly investigated in the 

literature in general, Bengi and Thomas (Bengi and Thomas, 1972) conducted an 

early investigation of physiological variation in OMT on a small number of subjects 

and (Bolger, 1994a) extended this.

2.3.1.1 V ariability due to OMT m easurem ent procedure

Eyelid Retractors vs Tape

Measurement of OMT using any open-eye contacting device requires retraction of the 

eyelids to allow contact w ith the sclera. Investigators have used various m ethods of 

retraction (Bolger, 1994a, Coakley, 1983a) including ophthalmological retractors and 

surgical tape. Unfortunately m any other authors do not describe methods used.

The method of eyelid retraction used contributed to the variance in OMT frequency in 

one small study (Bolger, 1994a), n  = 4). Significant contribution to variance in the 

mean frequency estimate was associated with the use of ophthalmological eyelid 

retractors (mean frequency 84Hz, SD 6.54Hz) compared to surgical tape (mean 

89.1Hz, SD 1.14Hz) (variance ratio 33.42, p < 0.0001). Of note the standard deviation 

of measurements with the retractors was much greater than that of measurements
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with tape (6.54Hz vs. 1.14Hz), implying tape is associated with smaller measurement 

error. Some of the variance in m easurements obtained using retractors (Sheahan et 

al., 1994) can therefore be attributed to the use of the retractors themselves.

Possible mechanisms of increased variance associated w ith ophthalmological 

retractors include:

(i) an alteration in eyelid muscle tone (Bolger, 1994a), especially given that 2 

of 12 subjects in one study using retractors w ithdrew  due to 

blepharospasm  (Sheahan et al., 1994) or,

(ii) dam ping of eye movements by contact between the retractors and the eye 

itself under the eyelid.

No study directly comparing OMT recorded under conditions of eyelid retraction 

versus OMT recorded with freely moving eyelids under no retraction is reported in 

the literature. Although it is desirable to investigate possible effects of retraction itself 

on OMT, it is technically difficult to record from the open eye in a patient who is free 

to blink. In the absence of a measurem ent technique not interfered with by 

spontaneous eyelid movements, some mechanism of eyelid retraction will be 

necessary, with variation due to retraction being possibly an additional source of 

error.

H eadset S tability and Head M ovem ent

The piezo-electric probe transducer is m ounted on a headset, which is strapped on the 

subject's head. It is im portant that the headset be secure on the head to minimise 

movement of the headset contributing to the noise errors in the measurement of OMT. 

Despite this, the headset may induce error in the measurements by two mechanisms: 

slippage and resonance.

Headset Slippage

The first problem is that slippage of the headset on the head, if not securely attached, 

could result in relative movements of the head (and therefore the eyes in the head) to 

the headset being recorded as eye movements. Head movement (45degrees to and fro 

at 2Hz) and headset instability did not contribute significantly to variance in one 

study of OMT peak count recordings from 5 subjects (F = 2.45, p = "ns") (Bolger, 

1994a). They did contribute to the variance in the high (86Hz) and low (20Hz)
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frequency peaks (F = 4.89 and 2.96 respectively). These values represent quite large 

coefficients of variation; 16% for the high peak and 10% for the low peak. Thus the 

author of the study concluded that OMT records should be obtained with head 

movement and headset instability minimised as m uch as possible bearing in mind 

that spectral frequency peaks are more affected by such artefacts than are peak counts.

Headset Resonance

Resonance of the headset is another possible source of error in OMT measurement.

All physical objects exhibit an inherent resonance, which is excited if any transmitted 

vibrations or movements have frequencies within the resonance bands of the object. 

For example, if head trem or or building vibrations have frequencies within the 

headset's resonance bands the interference may be substantial. In turn, this headset 

resonance may interfere with the OMT frequency spectrum if it occupies the same 

bandw idth as OMT.

The resonance in the headset has been indirectly investigated by Sheahan, in terms of 

how much it interferes with the OMT frequency spectrum (Sheahan 1991), that is, how 

much noise contamination of OMT measurement it produces. Apart from headset 

resonance, there are other sources which could contribute to OMT measurement noise 

including: involuntary head tremor (assumed to be the largest contributor (Bolger 

1994) conduction unit noise, ac/dc converter, interference from the 50Hz power 

supply and intonation, or electrical interference from the probe for the contralateral 

eye. Hence Sheahan's investigation was an indirect one, not separating out the sources 

of noise.

In OMT m easurements taken with the piezo-electric probe as characterised by 

Sheahan, signal-to-noise investigations demonstrate that although noise power was 

significant at 20Hz, it falls with increasing frequency (Sheahan et al., 1993) Bolger 

1994). The power was at least 20dB below OMT pow er at the 50Hz region of the 

spectrum, and hence headset instability noise is unlikely to contaminate the OMT 

frequency peaks. Similar findings were reported with a laser interferometry method 

to measure OMT (Boyle et al., 2001). OMT traces produced with this system 

demonstrated head movem ent and background contamination up to 40Hz. The 

resonance of the laser system was however about one order of magnitude lower than 

that of the piezoelectric system. The validity of such comparisons between the noise
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in the two systems are limited by the different method of coupling to the head 

employed by Boyle (chin rest and bite bar).

Further potential sources of variability due to the headset not directly addressed to 

date;

1. Speech and machinery vibration can be transmitted through the head and in 

the clinical setting such sources of noise may induce errors in OMT 

measurements. The studies reviewed here were conducted on volunteers in a 

quiet laboratory, very different to a busy clinical setting, so vibration artefacts 

may be underestimated. As the recording procedure itself takes only a matter 

of seconds, investigators have previously found it possible to approximate 

laboratory conditions in practice by asking those on the ward to discontinue 

their activities (cleaning, and other machines) for the duration of the record. 

Furthermore, although a clinical setting cannot simulate laboratory 

conditions, it may be possible to investigate the effects of a clinical 

environm ent on recordings. A sound recording from a busy clinical ward 

could be played back on a speaker during laboratory recording to observe the 

effect of background noise on measurements.

2. High out of band resonances could cause low frequency distortion due to 

aliasing, although this is unlikely to be an issue in OMT measurem ent as this 

design incorporates a low-pass filter, which filters out any such resonances 

above 150Hz.

3. Mechanical deformation or heating effects could introduce a minor variability 

in day-to-day recordings. Although unlikely to contribute significantly at 

room temperature, this is an assum ption and these factors may warrant some 

investigation.
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2.3.1.2 O perator Experience

Operator experience with the OMT measurement technique has a m arked effect on 

OMT measurements. "Operator experience" refers to experience in application of the 

OMT measurement technique (probe placement, positioning and pressure applied on 

sclera etc.), whereas experience in visual interpretation of OMT traces is addressed 

under "observer experience". Mean estimates of OMT frequency from traces obtained 

by more experienced operators tend to be higher w ith lower standard deviation, when 

compared to inexperienced operators.

A trend towards higher measured OMT frequencies in a more experienced operator is 

reported in one small study (Sheahan et al., 1994). The variance in OMT measurement 

attributable to variation between operators in the study (one experienced, two 

inexperienced), was not significant. The study may have been underpow ered to show 

this difference. The standard deviation of mean frequency estimates was also lower 

for an experienced operator versus two inexperienced operators. The frequency 

estimates from traces obtained by inexperienced operators also seem to reflect a 

learning curve, with mean frequency tending to be highest on the final day of 

measurement (Sheahan et al, 1994). This may however be an artefact of operator bias.

Another small study (n = 3) where measurements were obtained by each of two 

operators, from three subjects, found a statistically significant difference between 

experienced and inexperienced operators (Bolger 1994). However, only two operators 

were involved, making a specific examination of the effect of operator experience 

impossible.

Suggestions for quantifying the variance associated with an operator include; 

evaluating the inherent standard deviation about the mean frequency in each record 

(Sheahan et al., 1994) or performing a single replication reliability study for each 

operator prior to undertaking a study (Bolger 1994).

Operator-dependent effects in the application of the OMT measurement technique 

are:

1. The location of probe contact with the sclera

2. The angle of the probe to the eye

3. The pressure of contact with the sclera
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4. Avoidance of contact between the probe and the eyelids or eyelashes

5. The placing of the eyelid retraction tape to allow a good aperture for probe 

contact

Variance introduced by the first factor, location of probe on the eye, has not been 

investigated. It m ight be possible to investigate this by reflecting a grid pattern onto 

the sclera such that the point of probe contact is reproducible with reference to the 

centre of the pupil. An obvious drawback of this method is that the position may alter 

after the initial application to the eye in the exact position.

The angle of the probe to the eye is usually assumed to be normal to the eye (Sheahan 

1991) but some variability will be introduced into this depending on many factors 

such as the positioning of the headset on the subject's head, the shape of the subject’s 

head and the location of probe contact with the sclera (the position on the globe).

The third factor is the pressure of contact with the sclera, determined in Sheahan's 

setup by the operator adjusting a thumbscrew on each side (see Figure 2.2 above). An 

element of standardisation was achieved by lowering the probe until contact w ith the 

sclera was just confirmed by the operator via auditory feedback and then the 

thumbscrews were tightened another quarter turn (Sheahan, 1991). Bolger asserts the 

position of the probe can be controlled by the operator "to a sub-millimetre extent" 

(Bolger 1994), but that accurate probe positioning is dependent on visual inspection 

and audio m onitoring of the signal. This limitation in reproducibility has been 

overcome in the most recent iteration of the OMT piezoelectric technique (Noonan et 

al., 2006, Al-Kalbani, 2009). The new technique relies on the force of gravity to keep 

the probe in contact with the sclera and contact pressure is thus independent of 

examiner intervention. This advance is discussed in further detail in Chapter 4.
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2.3.1.3 Variability in OMT signal analysis

Qualitative description of OMT recordings

OMT is a high frequency oscillation with a random  noise-like appearance, varying in 

frequency and amplitude with time. Nearly half of an OMT record consists of so- 

called "bursts", as shown in the OMT trace reproduced in Figure 2.3.

 ________ [ 1 mV
0 1  s

Figure 2.3 Normal OMT trace (0.5s length) with "bursts" underlined; intervening 

segments are "baseline". (Reproduced from Bolger 1994)

The first description of "bursts" was provided by (Abakumova et al., 1975b) in a study 

on normal volunteers (n=7), with mean OMT frequency reportedly 84-108Hz. "Bursts" 

were described as periodic near-sinusoidal oscillations at a frequency of about lOOHz, 

with an average interburst interval of 70ms. More recent observations suggest burst 

periods have a frequency of 84Hz (Bolger et al., 1992). Although it is claimed that 

"bursts are easily distinguishable possessing a greater amplitude than the rest of OMT 

and a packet-like appearance against the baseline frequency" (Bolger et al., 1999d), the 

objectivity of burst identification may warrant further investigation. Bursts in the 

OMT trace are thought to contain valuable clinical information (Bolger, 1994). The 

analysis of burst activity may yield valuable information in certain clinical situations, 

for example coma and brainstem damage.

Progress towards quantitative analysis of OMT: 6 parameters of the OMT pattern

The analysis of OMT patterns, while initially highly subjective, has become more 

standardised with the developm ent of a set of six derived statistics (or "param eters of 

OMT activity") (Bolger 1994), detailed below. The set of six were a natural
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progression from earlier descriptions of interburst period ((Shakhnovich and Thomas, 

1974) and frequency content of bursts (Abakumova et al., 1975b, Coakley, 1983a, 

Michalik, 1987).

The method of identification and estimation of the six param eters of OMT patterns is 

as follows: The entire record is analysed and all "burst" areas are visually identified 

and marked. The rem ainder of the record is defined as "baseline". These six 

parameters of OMT activity (Bolger 1994) are obtained by averaging from the 

segments of bursts and baseline in an OMT trace:

1. N um ber of bursts per second (number of bursts divided by entire record 

duration)

2. Duration of bursts (summed durations of burst segments divided by number 

of individual bursts)

3. Percentage baseline (summed durations of baseline segments divided by total 

record duration)

4. Frequency content of bursts (peaks per unit time for all burst segments)

5. Duration of baseline (or "inter-burst period"; summed durations of baseline 

segments divided by num ber of baseline segments)

6. Frequency content of baseline (peaks per unit time for all baseline segments)

The standard deviations are quite large for some of the parameters, particularly for 

those requiring differentiation of bursts from baseline in the record (percentage and 

duration of baseline), which potentially limits their usefulness in studies of OMT. 

Derived statistics should allow comparisons to be m ade between patient groups in a 

relatively objective and reproducible manner. However, the reproducibility of these 

six param eters as presented is limited by reliance on visual analysis of OMT traces 

and particularly by the highly subjective task of identifying "bursts" within the 

records. No direct investigation of the reliability or reproducibility of actual burst 

identification w ithin or between operators is reported. Indirect evidence is available 

from investigations of variance between observers in estimation of parameters relying 

on burst identification. Intra-observer variance in burst param eters (number of bursts 

per second, frequency content of bursts and duration of bursts) was non-significant in 

one small study (Bolger 1994, n=10 with one observer). By contrast significant inter

observer variability in percentage baseline (a param eter with inverse relation to burst
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identification) has been dem onstrated (Bolger 1994, n=10, 2 observers). Thus 

individual observers consistently estimate burst param eters between traces but 

m ultiple observers do not. This is a major limitation in the use of burst parameters 

and underm ines studies reporting burst param eters unless only a single operator was 

used.

Burst-related parameters may also be of limited value in the clinical scenario in the 

case of grossly abnormal OMT measurements. In a study on patients with a clinical 

diagnosis of brain death (n=20 patients) the author reports the burst-dependent 

param eters of OMT "were not measured as they could not be identified on any of the 

records". Tlius burst param eters are of limited use in terms of one of the main 

proposed clinical applications of OMT. In any case the subjective nature of burst 

identification leads one to search for a more useful method of OMT pattern analysis. 

Recent papers reporting quantitative OMT parameters, including all clinical 

investigations on OMT in anaesthesia (Bojanic et al., 2001, Kevin et al., 2002, Heaney et 

al., 2004) have not in fact any reference to burst parameters.

Improved performance (accuracy, precision, reliability) of OMT signal analysis, 

including autom ated burst identification and quantitative burst analysis recently 

developed by Al-Kalbani (Al-Kalbani, 2009), should increase its diagnostic and 

prognostic capabilities, and require investigation in-vivo to assess their reliability for 

further studies of OMT.

OMT spectral analysis

As noted many years ago by Bengi and Thomas, "visual examination of tremor 

records is of limited use in specifying the characteristic features of tremor" (Bengi and 

Thomas, 1972). As the OMT signal cannot be described by any simple mathematical 

formula (Sheahan, 1991), OMT is taken to be "a random  signal with deterministic 

elements" (Bolger, 1994). Hence tools for analysis of random  signals, from Bengi and 

Thomas's initial descriptions of pow er spectral density graphs to the m odem  Fourier 

and Linear predictive spectra, are used in the analysis of OMT traces.
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A typical frequency power spectrum obtained from recordings of OMT is shown in 

Figure 2.4. A full description of how OMT Fourier and Linear predictive spectra are 

derived is provided by Sheahan (1991). In essence, spectral analysis gives an estimate 

of the complete frequency content of the signal, with peaks corresponding to 

dom inant frequencies in the OMT signal. The bulk of OMT spectral content lies in the 

40-80Hz range. Two major peaks are seen: a Tow peak' at around 25Hz and a 'high 

peak' at 70-80Hz, followed by an exponential decline to zero power. Findings of 

recent authors agree broadly on OMT spectral content (Sheahan et al., 1994, 

Spauschus et al., 1999, Eizenman et al., 1985, Michalik, 1987). Discrepancies exist 

however between these reports and older published qualitative descriptions of OMT 

spectra (Findlay, 1971, Fender and Nye, 1961, Yarbus, 1957, Bengi and Thomas, 1968b, 

Bengi and Thomas, 1968a, Bengi and Tliomas, 1972, Golda et al., 1981)).

Discrepancies between spectra have been attributed to contamination of records by 

drift and dependence on the somewhat unreliable Fourier spectra (Sheahan 1991, 

Bolger 1994). Some authors have questioned the validity of these arguments however 

(Boyle, 1999): the area of the spectrum attributable to OMT is unlikely to be affected 

by drift, which is of too low a frequency (<20Hz) to encroach on that area of the 

spectrum (40-100Hz).

0 -Power
(dB)

Peak

lOdB point

-20  -

15050 100

Frequency (Hz)

Figure 2.4. OMT trace and LP spectrum with high frequency peak. (Reproduced from 

Bolger 1994)
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The lack of m easurable indices of OMT spectra w as addressed  by Sheahan (Sheahan 

1991). Sim ulated norm al and abnorm al signals w ere w ell differentiated by spectral 

edge param eters or 'cut-off po in ts ' (the frequencies greater than the peak frequency at 

w hich the pow er falls to 3, 6, lOdB below  the peak pow er of the h igh frequency peak 

(Sheahan 1991)). This approach  w as adop ted  to some extent by Bolger (Bolger 1994) 

w ho exam ined m ean frequency, frequency of spectral peaks, spectral edge param eters 

and the pow er w ith in  specified frequency bands (70-80Hz and 60-100Hz) in  four of his 

experim ents. The pow er in  the b an d w id ths 70-80Hz and 60-100Hz are expressed as a 

percentage of the total pow er betw een  20 and 150Hz. This m ight have been a m ore 

objective m ethod  to use  than  the som ew hat subjective bu rst param eters reported  in 

m ost of Bolger's w ork  on variance in  OMT in norm al subjects.

Linear predictive spectra are preferred  for tw o reasons: firstly the LP peak is m ore 

defined and contains m ore of the total spectral pow er (m ean 50% (S D ll)) than  the 

Fourier peak (m ean 22% (SD 11)) and  secondly it is a better estim ator of the high 

frequency content of sim ulated  OM T signals (hence closer to a 'go ld  s tan d ard ' for the 

clinically im portan t param eter), especially the lOdB cut-off point (Sheahan, 1991). 

Fourier analysis param eters w ere less reliable (Sheahan, 1991), as the fourier estim ate 

of OMT frequency is likely to be biased by a subject's average inter-m icrosaccadic 

period, a potentially  serious source of error (Sheahan 1991 pl6.10). The argum ent 

against Fourier analysis m ay be unfairly  biased, since the high and low frequency 

peaks from  the Fourier and Linear predictive spectra repo rted  in Bolger's thesis w^ere 

alm ost identical (95% Cl for difference betw een  m eans w as (-5.0, 7.2) for the low  peaks 

(p>0.3) and (-8.9,12.3) (p > 0.3) for the high peaks).

A note of caution regard ing  spectral param eters is that they m ay be less reliable in the 

case of grossly abnorm al spectra, thus lim iting their usefulness in  the clinical setting.

In a study  of OMT in oculom otor palsy (Bolger 1994, n = 6), the softw are used  for 

spectral analysis d id  no t appear to reliably identify the spectral peaks. It m ay be 

w orth  investigating the reliability of OMT spectral param eters to a w ider range of 

sim ulated  inpu t frequencies, w hich w ould  sim ulate the grossly abnorm al signals 

encountered in the clinical situation.
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OMT Record Length

Authors have analysed various lengths of OMT recordings. In an early study, (Bengi 

and Thomas, 1972) differing spectra were noted between consecutive OMT record 

intervals of 0.625s in the same subject (n = 1), recorded with a piezo-electric strain 

gauge. Averaging 4 records of 0.625s gave expectedly smoother spectra and clearer 

peaks than individual records. Reported m ethods of averaging different signal lengths 

include averages of 10 segments of Is  duration from a 30s trace (Sheahan, 1991) and 

averages of 100 segments of 512-1024ms duration (Eizenman et al 1985). Others 

analysed longer durations of records: 5-15s (Ditchburn and Ginsborg, 1953a), 16s 

(Shakhnovich et al., 1980, Shakhnovich and Thomas, 1974). Bolger's experiment (1992) 

to investigate the reliability of various trace lengths (n = 10 norm al subjects) took a 

30second trace from each subject and divided it into segments of varying lengths (0.5s 

up  to 10s length), averaging the estimates for each length for individual subjects.

Most param eters estimated reached a reliability coefficient with lower limit of 95% Cl 

(Rmin) of 0.75 (Fleiss 1989 "excellent" reliability) with a record length of 5s. The 

subjectivity of burst identification is reflected in these findings, meaning that longer 

records are required for accurate estimates of burst parameters.

In previous work, a trace of 5s duration is suggested as "a reasonable compromise 

between m easurem ent precision and analytic effort" (Bolger, 1994). Automated 

analysis of digitally captured records (Al-Kalbani, 2009) will reduce the burden of this 

"analytic effort"; record durations longer than 5s are likely to increase precision and 

should be investigated.

Intra-observer Agreem ent

Intra-observer agreement is the reliability of a single observers estimate of the same 

records on different occasions. 'Agreem ent' was reportedly good in one small study 

(n=10) on one observer (Bolger 1994). Records from normal subjects were shown to the 

stable on three occasions at three-month intervals.

Inter-observer Agreem ent

Agreement between different observers in the reporting of both absolute values of 

OMT param eters and categorization of traces as "normal" or "abnormal" is of vital 

importance in any diagnostic technique. A study involving two observers (Bolger,
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1994a) found significant inter-observer variability (although this variability was small 

in comparison to inter-subject variability). This is not surprising given the subjective 

nature of "burst" identification in this study. Of note regarding the possible use of 

OMT as a diagnostic device, the patients categorised as 'abnorm al' in this study had 

documented brainstem disease such that the OMT trace was likely to be highly 

abnormal. OMT interpretation may be more difficult in subtle cases where there is 

clinical doubt about the condition of the brainstem.

This experiment should be repeated with more than two observers. As operator 

experience significantly contributes to variance, when combined with inter-examiner 

agreement, these two effects may be additive or multiplicative. Although the 

contribution from inter-examiner agreement is small in comparison to inter-individual 

variability, it may be eliminated completely by using autom ated m ethods of analysis 

of OMT.

Peak C ounting for OMT frequency estim ation

A simple method of obtaining the frequency content of a random  signal is 'peak- 

countiiig', a form of 'tu rns analysis'. Counting the num ber of peaks occurring per unit 

time estimated the dom inant high frequency content. Peak counting by visual 

assessment has historically been the most common method of estimating OMT 

frequency (Bolger 1994). Automatic m ethods of peak counting have been described 

(Sheahan 1991, Bolger 1994)

Although Bolger asserts the peak count estimate of OMT frequency is superior to 

spectral indices (Bolger 1994), this is only in terms of ease of computation (Sheahan 

(1991 pl6.11)), a factor no longer of much concern given m odern computational 

analysis software. Otherwise the peak count performs quite similarly to the LP lOdB 

cut-off point as an index of OMT, w ith LP in fact more im m une to 'noise' in the signal 

(Sheahan 1991 pl6.11). If peak count is to be used it should be autom ated to reduce 

the laboriousness of the method as well as to improve the efficiency, accuracy and 

reproducibility of estimation.

An automatic "peak counting system" has been reported (Sheahan, 1991). A relatively 

large study (Bolger 1994) compared the variance associated with m anual peak count

43



(MFC) and automatic peak count (APC) obtained simultaneously. High correlation 

were interpreted as indicating good agreement between the methods, however the 

absolute difference between mean values of the estimations was about 5Hz, with 

automatic counting giving the lower value. This difference is of the order of 5-9% of 

the frequency range of recorded frequencies in the experiment (65-lOOHz). Therefore 

it is still unclear whether a spectral peak method of estimating OMT peak frequency is 

truly equivalent to traditional peak counting methods, and both require further 

investigation.

2.3.1.4 OMT Variability due to Physiological Variation

Bolger's estimate of 83.68Hz (SD 5.78Hz) (Bolger et al., 1999b), for the dominant 

frequency content from normal subjects, is likey the most accurate estimate to date, 

given the large num ber of normal subjects tested (n=105) and that the equipm ent used 

had known frequency and phase response (Sheahan et al., 1993).

Other estimates of mean OMT frequency in norm al subjects are generally similar and 

are tabulated in Table 2.1. Estimates in a clinical setting also reflect these findings. In 

neurologically norm al patients (n=22) (who were not receiving any CNS depressing 

medications), baseline OMT frequency m easured using a piezo-electric strain-gauge 

on a surgical ward at admission (prior to general surgical procedures) was 80.55Hz 

(SD 5.89). The largest series of patients in whom mean frequency was measured was 

in the multi-centre anaesthesia trial, (n=214, baseline OMT m easured before induction 

of anaesthesia prior to non-intracranial or -intrathoracic surgery). A closed-eye 

piezoelectric technique was used in this study, which could account for the lower 

reported mean frequency reported of 68Hz (SDlOHz) in this study.
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Author Year Journal n Measurement Mean Freq SD Mean Range Freq Range

Alder and Fliegelman 1934 Arch. Ophthal. 1 m irror on eye, H deflection 50-100

Ratliff and Riggs 1950 J. Exp. Psychol. 5 CL mirror, H+V deflection 30-70

Riggs and Ratliff 1951 Science 90

Ditchburn and Ginsborg 1953 J. Physiol. 2 CL flat, Horiz deflection 30-80

Higgins and Stultz 1953 J. Opt. Soc. Am. 4 slit camera, blood vessel 50 mode lOOHz

Riggs et al. 1954 J. Opt. Soc. Am. 6 CL mirror, Horiz deflection 60-80

Ditchburn 1955 Opt. Acta. 30-80

Matin 1964 J. Opt. Soc. Am. 1 CL mirror, IR deflection 85 up to 150

Yarbus 1967 Eye movements and vision 70-90

Shakhnovich and Thonnas 1973 J. Physiol. 7 PZ strain gauge 100

Abukumova et al 1975 J. Neurol. Sci. 7 PZ strain gauge 96 12 84-108 up to 200

Coakley and Thomas 1976 Proc. Physiol. Soc. 41 PZ strain gauge 101 10, 14 83-124 20-240

Davies and Plant 1978 J. Med. Eng. Technol. 1 PZ strain gauge 100

Michalik 1983 Psychia Neurol Med Psyc 34 PZ strain gauge 87.4

Bolger et al 1992 Clin. Phys. Physiol. Meas. 10 PZ strain gauge 84.99 8.6

Bolger et al 1999 Vis. Res. 105 PZ strain gauge 83.68 5.78 median 83.8 70-103.5

Bolger et al 1999 J Neurol Neurosurg Psychia 22 PZ strain gauge 81.64 6.1

Bolger et al 1999 Neurosurgery 32 PZ strain gauge 89.6 6

Spauschus 1999 Exp. Brain Res. 7 CL scleral accelerometer -80 up to 150

Bolger et al 2000 J Neurol Neurosurg Psychia 50 PZ strain gauge 86.15 6.3

Bojanic et al 2001 Br. Jour. Anaes. 22 PZ strain gauge 80.55 5.89

Bolger et al 2001 J. Gerontology 72 PZ strain gauge 86.8, 80.5 5.5, 4.7

Boyle et al 2001 Applied Optics 10 Laser interferometry 79.5 NA

Kevin et al 2002 Br. Jour. Anaes. 30 PZ strain gauge (closed eye) median 85, IQR 82-88, median range 77-96

Heaney et al 2004 Anaesth. Analg. 214 PZ strain gauge (closed eye) 68 10

Table 2.1 Estimates o f O M T frequency in the published literature
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Inter-subject Variation

From an analysis of the 11 studies examining variability factors reported by Bolger 

(which attributed variability in OMT recordings to different sources based on analysis 

of variation (ANOVA)), five found significant inter-subject variability, four found 

inter-subject variability to be non-significant and a further three did not report inter

subject contribution to variance (Bolger et a l, 1995, Bolger et al., 1992). Another 

ANOVA study (Sheahan 1994) found significant inter-subject variability, which may 

have been attributable to the eyelid retraction device used.

Difference between eyes

There was no significant difference between OMT m easurem ents from left and right 

eyes that was not accounted for by variance in the setup procedure in normal subjects 

(Sheahan et al., 1994).

Gender differences

No statistically significant difference between m ean OMT frequency in male and 

female subjects has ever been reported. Most authors do not report means 

categorized by gender so their work cannot add weight to either side of the argument. 

The largest study to date in normal subjects found no significant difference between 

male and female subjects (Bolger 1999). As no confidence interval is reported for tliis 

difference and raw  data is not available it is not possible to comment on any 

underlying trend, which this study could have been underpow ered to show. A recent 

large multi-centre trial (n = 214) found no difference between males and females in 

baseline OMT recorded prior to induction of anaesthesia (Heaney et al 2004).

Age

Age-related changes in physiological parameters of neurological, visual and ocular 

function and the histology of extra-ocular muscles are well documented (Bruenech, 

2008). Accordingly, changes are seen in param eters of ocular microtremor in elderly 

individuals. Normative data for age vs. OMT frequency would be desirable to avoid 

spurious findings of changes in prevalence of abnormality with age (Altman, 1991a). 

Conflicting reports exist as to whether age affects OMT frequency. (Coakley and 

Thomas, 1976) found very similar ranges of mean frequency of OMT in different age 

groups and the difference in average individual frequencies in the two groups (102 for 

young, 99 for elderly) was not statistically significant.
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A larger study (n = 72) found most param eters of OMT traces tended to decrease (a 

weak negative correlation) with age (Bolger et al., 2001) although age differences were 

not statistically significant on ANOVA testing. The correlation of both mean OMT 

frequency and the frequency content of bursts with age was significant, but the 

correlation was in fact of low order and may not be practically meaningful.

After dichotomising the subjects to older and younger than 60years of age, the 

difference in overall frequency (mean 80.5Hz (SD 4.7) for older subjects vs. 86.8Hz (SD 

5.5) for young subjects respectively), frequency of baseline (85.3Hz (SD 6.8) vs. 94.4Hz 

(SD 10,6)) and frequency of bursts (75.3Hz (SD 4.2) vs. 80.5 (SD 4.1)) became 

significant (p = 0.0001 for all three). Bolger concludes from his study that the overall 

OMT pattern (of bursts and baseline) is unaffected by age but that the firing frequency 

of oculomotor neurons giving rise to bursts is affected by age. Of note, in each case 

the difference although significant, is relatively small (5Hz for overall frequency, but 

nevertheless indicates the need for adjustment for age in analyses of OMT parameters.

Day-to-Day Variation

Significant day-to-day variation in OMT frequency is reported by Sheahan (1994). Of 

note inexperienced operators and eyelid retractors were used in this study, both 

factors subsequently found to be a major source of variance (Bolger 1994). Bolger re

examined the question using tape instead of retractors (n = 10 subjects, three records 

from each), and dem onstrated that day-to-day variation contributed little to variance 

in OMT frequency. On the other hand parameters derived from the more subjective 

phenomenon of 'bursts ' showed a large day-to-day variability. One can cautiously 

conclude that estimates of OMT frequency from individuals are reliable on a day-to- 

day basis however 'bu rst' param eters are not.

Circadian Variation

Many physiologic measurem ents vary according to time of day (circadian variation). 

Variability of OMT frequency with time of day was demonstrated by Bolger (1994) in 

one small study (n=3). During day-time hours (9am to 9pm) mean OMT frequencies 

(averaged from 3 records) for all 3 subjects were in the range 80-88Hz, mean 85Hz (SD 

1.7Hz). At night (11pm to 7am) mean OMT frequencies were in the range 53-87Hz,
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mean 73Hz (SD 7.6Hz). It is not clear at which times during the study the subjects 

were actually asleep but one assumes this occurred between about 11pm and 7am.

The very small num ber of subjects in this study (n = 3) leads one to be cautious about 

the conclusions draw n from it but there does seem to be a trend towards lower OMT 

frequencies in the early morning. The raw data for 1 subject is graphed (Bolger 1994 

thesis fig 14.3) showing the 3 values of the lowest frequency OMT trace (at Sam) 

deviated more from each other than those of the higher frequencies. Estimates for 

lower frequencies may be less accurate. An analysis of the data published by Bolger 

reveal a trend towards fewer bursts (mean 8.8/sec (SD 0.8) vs mean 6.2/sec (SD 1.3)) 

w ith a concomitant increase in both percentage baseline (mean 51% (SD 5.2%) vs 63% 

(SD 7.4%)) and duration of baseline segments (mean 60.3ms (SD 14.7ms) vs mean 

142.6ms (SD 69.8ms)) is seen during the night-tim e hours 11pm -  7am. Baseline 

frequency also drops during this period (mean 90.1Hz (SD 3.8Hz) vs mean 75.4Hz (SD 

12.6Hz)). No obvious trend in burst frequency is seen (mean 77.7Hz (SD 2.9Hz) vs 

mean 75.0Hz (SD 2.3Hz)). These findings are however not completely consistent 

among all 3 subjects.

On the basis that OMT records changed m arkedly during the early morning, Bolger 

proposes OMT may be a useful device for objectively determ ining a subject's 

alertness. However, the question of alertness and its effects on OMT is not at all clear. 

It is not clear whether the changes in OMT frequency over the 24hr period are due to 

alterations in arousal and activation of the reticular activating system at different 

times, or due to an underlying cyclical pattern of brainstem activity or indeed due to 

other confounding factors. Bolger states that all subjects were "apparently alert and 

awake" at the times of testing. There is no objective evidence however for how  alert 

the subjects were, or how long they were awake prior to OMT traces being taken.

Since OMT activity has been shown to correlate with sleep stage (Coakley 1983), The 

stage of sleep at the time of OMT recording (as indicated by EEG) is likely to be 

relevant. This could explain why the subjects had such variable OMT frequencies 

during sleeping hours as they would not all have been in the same stages of sleep at 

the exact times tested. Environmental noise levels, light levels and an objective 

measure of the alertness of the subject while OMT traces are recorded are all further 

confounding factors not controlled for in the study. Indeed the time of year the study 

was undertaken at may influence circadian variation due to different light levels. It
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would perhaps be more useful to investigate variation in OMT during daylight hours, 

which appears to be relatively consistent within subjects.

A further limitation is that the measurement itself interferes with sleep (the subject 

being awoken every 2 hours) thus altering the normal pattern of sleep. It also seems 

probable that in any awake subject, bringing an OMT probe into contact with their eye 

will intrinsically increase alertness, so the measurem ent itself is a confounding factor. 

This question may only be answered by a less invasive m ethod of recording OMT. 

Recording OMT in individuals with sensory loss over the ophthalmic division of the 

trigeminal nerve (loss of sensation in the sclera) and who are blind may help clarify 

the situation.

OMT, if useful as a diagnostic test in brainstem death, for example, would need to be 

reliable on a 24hour basis. Thus OMT recordings at different times of day may require 

graphs of normative data for true comparisons with expected norm al values. Such 

graphs are not currently available based on Bolger's limited sample of 3 subjects.

D eviation of the Eyes

Tlie firing frequency of oculomotor neurons is dependent on the position of the eye. 

The relationship between the two is linear (Fuchs 1953) with a range of 1-12 (typically 

about 4) discharges/degree/second. Deviation of the eye can be described in terms of 

the directions of pull of agonist and antagonist extra-ocular muscles. Deviation in the 

direction of action of the muscle ("on" direction) causes an increase in firing frequency 

of neurons innervating it (thus neurons to the agonists have increased firing 

frequency). Deviation in the opposite direction ("off" direction) causes a decrease in 

the firing frequency (neurons to antagonists have reduced firing frequency). 

Qualitative evidence from early reports suggests that deviation of the eyes from the 

primary position (where the gaze is directed straight ahead) does have an effect on 

OMT, possibly reflecting these alterations in neuronal discharges (Bolger 1994). Eye 

deviation causes an increase in OMT mean frequency (Coakley and Thomas, 1976, 

Bolger, 1994) and a change in the OMT spectrum (Eizenman 1985), reported as 

progressive spectral flattening by most authors (Bengi and Thomas, 1972). Coakley 

and Thomas (1976) report an increase in mean OMT frequency of 34Hz in extremes of 

abduction and adduction of the eyes. The power in the 70-80Hz peak and the 60- 

lOOHz band drops significantly with increasing deviation (Bolger 1994, table 2). This
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flattening of the spectrum may be because units recruited in agonists contracting to 

deviate the eye have a wider range of firing rates than those firing in the primary 

position -  thus causing dispersion of energy from the 70-80Hz peak to lower and 

higher frequencies in the spectrum. The largest change with position is found to occur 

between 15 and 30degrees of deviation (Bolger 1994), this fact may be related to the 

threshold of firing for oculomotor neurons at ISdegrees in the "off" direction. Of note, 

the OMT param eters at each point in Bolger's study were apparently m easured from 

the abducting eye only, so it is unclear whether the changes in OMT were the same for 

both eyes, or showed an increase for the abducting eye relative to the adducting eye or 

vice versa.

Fixation

The putative role of fixational eye movements (microsaccades, drift and OMT) in the 

visual process has led to the experimental comparison of fixational eye movements 

between states of fixation and non-fixation. Fixational state has been shown to affect 

the frequency of drift movements (Gaarder et al., 1967). Not only the fixation target 

but also the peripheral visual fields influence fixational movements. Microsaccade 

frequencies are lower when peripheral field stimulation is minimized (Snodderly, 

1987). Performance of dem anding visual tasks (such as requiring the subject to detect 

dim ming of the target) also reduces microsaccade rates (Snodderly, 1987). Tlie effect 

of fixational state on OMT has been investigated by a num ber of authors (Higgins and 

Stultz, 1953), Bengi and Thomas 1972, Bolger 1994). In general these studies failed to 

find an effect of fixation on OMT frequency. Initial investigation with a piezoelectric 

method favoured a reduction of OMT am plitude, with consequent flattening of the 

spectral peak at 40-80Hz (Bengi and Thomas, 1972). However, the best available 

evidence, suggests that fixation has little or no effect on OMT frequency or spectrum 

(and hence by extrapolation, amplitude), since no change in the pattern of OMT was 

observed w ith abolishment of fixation (Spauschus 1999, n = 2, contact lens 

accelerometer, fixation prevented by covering the eyes with white spheres). While the 

effect of fixation in sighted subjects has been reported in these studies, no 

investigations of OMT in subjects with limited vision or lack of visual experience 

contributing to gaze stability exist.
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Illum ination

Known connections between the optic tract and oculomotor nuclei (Bolger, 1994) have 

been speculated to m ediate alterations in OMT with illumination. The optic tract is a 

well known source of tonic impulses to EOM (Leigh and Zee, 1999) and changes in 

illumination of the retina may affect OMT through connections to the oculomotor 

nuclei. Conversely, evidence in monkeys suggests that light intensity does not affect 

the firing frequency of oculomotor neurons Fuchs and Luschei (1972). Experimental 

evidence supports an effect of illumination on fixational eye movements (Snodderly 

1987). Fixational saccades (microsaccades) were reduced for a luminous target in dark 

conditions compared to light conditions (n = 2 hum ans and 2 monkeys, DPI eye- 

tracker method, not sensitive enough to record OMT). Eye position varied more 

between trials in the dark for the monkeys but not humans. This issue is complex and 

clouded by a num ber of confounding factors.

One confounding factor is that some experimental evidence for effects of illumination 

on OMT derives from findings with closed eyes. Eyelid closure may affect OMT by a 

num ber of means: the closed eyelids may alter the dynamics of the oculomotor system 

of the eye adding enough mechanical inertia to affect OMT frequency, sensory 

feedback from the closed eyelids might also affect OMT at the level of its generation. 

The effects of eyelid closure and altered illumination are distinctly different in EEC 

recordings for example (discussed further below).

Another confounding factor is level of alertness and arousal. Levels of alertness and 

arousal in hum ans are also influenced by ambient light levels. Arousal is also thought 

to have downstream  effects on OMT frequency via the reticular formation in which 

the oculomotor nuclei responsible for generation of OMT are embedded. So it is 

difficult to determine whether any effect of illumination on OMT is mediated directly 

or via arousal and alertness.

Early investigators found no effect of illumination on OMT am plitude (Ditchburn and 

Ginsborg, 1953a) or frequency spectrum (Coakley, 1983a, Bengi and Thomas, 1972). 

These experiments are limited by reliance on visual comparison of spectra for gross 

differences, and small num ber of subjects. Quantitative studies demonstrates a 

significant reduction in spectral power between 60 and lOOHz in the dark compared to 

bright conditions (Bolger, 1994). For other parameters findings are non-significant
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and any pattern in the data is not obvious, differences between light and dark 

between subjects may simply reflect measurem ent error. A more informative 

experiment w ould have used repeated measures with two estimates in both light and 

dark for each subject allowing construction of an ANOVA table to separate within- 

subject differences from differences due to illumination.

The available evidence is inconclusive regarding an effect of illumination on OMT.

TTie finding of a small but significant difference in spectral pow er at 60-100Hz may be 

a chance statistical finding due to m ultiple testing of related param eters (seven 

param eters were tested, only one found to be significant. The evidence should be re

examined using a repeated measures experimental design, possibly with graded 

illumination.

Arousal / Sleep / Eye closure and OMT

Thie oculomotor nuclei (which generate tonic impulses giving rise to OMT) are in the 

same area of the brainstem  as the reticular formation (Coakley et al., 1979). The 

reticular formation, the core of the brainstem, is a highly organised and differentiated 

network of neurons (Kandel et al., 2000) which coordinates sensory information in the 

brainstem and influences arousal levels. The param edian reticular formation is 

adjacent to the oculomotor nucleus in the m idbrain and the abducens nucleus in the 

pons, which coordinate eye movements. The pontine param edian reticular formation 

(PPRF) of the brainstem on one side coordinates ipsilateral horizontal eye movements. 

Of all pathways in the brainstem, those responsible for eye movement travel in closest 

proximity to the ascending arousal system in the param edian tegm entum  of the upper 

brainstem  (Kandel, 2000). Moruzzi and M agoun's investigations in the 1940s and 50s 

dem onstrated that tonic activity of the rostral part of the reticular formation (above 

the pons) mediates wakefulness while neurons in the m edulla inhibit this activity to 

produce sleep (Kandel, 2000). Activation of the reticular activating system by arousal 

stimuli (auditory/pinch stimuli) in an experiment in the 1950s resulted in considerable 

spontaneous activity in extra-ocular muscles recorded using EMG in decerebrate cats 

and anaesthetised hum ans (Breinin, 1962). (Bjork and Kugelberg, 1953) suggested that 

the extra-ocular muscles are electrically silent during sleep. (Breinin, 1962) reported a 

gradual reduction in EMG activity of horizontal recti (n = 1) during sleep with 1 to 2 

minute periods of electrical silence during deep sleep (these findings could be 

attributed to the limited sensitivity of EMG for OMT measurement and EMG
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sampling being dependent on the positioning of electrode tip in extra-ocular muscles 

(Jampolsky and Tamler 1959)).

With onset of sleep the amplitude and mean frequency of OMT decrease (mean 

frequency is reduced from lOOHz when awake, to 65Hz during light sleep). 

Am plitude and mean frequency are further reduced in sleep stages III-IV, while 

frequencies were similar to the awake state during REM (Coakley et al., 1979). A 

return to pre-sleep OMT levels occured "on awakening". The observed changes in 

EEG and OMT do not correlate precisely in time.

Rapid eye movements (REMs) are thought to be produced by twitches of the 

extraocular muscles, initiated from central neural areas, analogous to myoclonic jerks 

in limb muscles during REM periods (Seelke et al., 2005) after Chase and Morales 

1983, 1990). REM sleep is associated with atonia in striated muscles, but fluctuations 

in tone of extraocular muscles have been found to m irror fluctuations in tone of 

nuchal muscles in rats (Seelke et al 2005). During REM sleep GABA-ergic neurons in 

the pons are activated with resultant inhibition of noradrenergic and serotonergic 

neurons and disinhibition of cholinergic neurons in the pons (Rechtschaffen and 

Siegel in Kandel 2000 p.942). Of note, REM sleep is also associated with intense 

physiological activity (cerebral blood flow, tem perature and unit firing in the visual 

cortex and pyramidal tracts are all increased) ((Coakley, 1983a) p37).

Of note the eyes are elevated and divergent in sleep stages II-IV (Jacobs 1971) but 

during REM sleep the eyes are in the prim ary position and conjugate. Alterations of 

OMT frequency during sleep may simply reflect deviation of the eyes from the 

primary position of gaze (discussed above). Studies comparing OMT in sleep stages 

do not report pow er spectra so it is uncertain whether the changes seen in sleep 

quantitatively parallel the flattening of the OMT spectrum with eye deviation.

Sleep records are very different to records in coma ((Coakley, 1983a, Coakley and 

Thomas, 1977a), (Shakhnovich and Thomas, 1977). Sleep is associated w ith a 

reduction in am plitude whereas in coma OMT amplitude is normal or increased but 

of lower mean frequency.
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Coakley dem onstrated arousal responses in both EEG and OMT (the average response 

time to an auditory stimulus for OMT was 0.35s) during sleep (Coakley et al., 1979). 

An increase in OMT occurred simultaneously with an observed K complex (K 

complexes are non-specific arousal phenomena) in the EEG.

Recent investigations of OMT in anaesthesia have em ployed a closed-eye technique to 

record OMT (Kevin et al 2002, Heaney et al 2004). 'Baseline' OMT records in patients 

prior to induction of anaesthesia in one of the studies (Kevin et al, 2002, n=30) are 

comparable to open-eye estimates (median OMT frequency 85Hz, IQR 82-88Hz, range 

77-96Hz). The larger of the two studies however (Heaney et al 2004, n=214) reports a 

mean estimate of 68Hz (SDIO) for OMT, markedly lower than open-eye estimates.

OMT has been recorded from the closed eye under normal conditions in smaller 

num bers of norm al subjects, (Coakley et al 1979, n=4), although the am ount of activity 

attributable to eyelid movement was unquantified. Investigators have reported eyelid 

muscle (orbicularis oculi and levator palpebrae) is electrically silent when the eyes are 

closed (Gordon 1951, Bjork and Kugelberg 1953) with lowering of the upper lid being 

due to passive relaxation of the levator. Coakley (1983) found low frequency activity, 

superim posed on the usual high frequency peak at 80Hz in the spectral analysis, 

which persisted in darkness (i.e. not due to light stimulating the retina of the 

contralateral open eye). Thus the low frequency activity was independent of 

illumination, fixation and 'relaxation' (subjects were given mathematical tasks to 

perform while recording OMT). Records from a probe on the sclera (obtained by 

taping the lower eyelid open while the eyes were apparently closed to patient) show 

high am plitude low frequency activity peak at 40Hz with some high frequencies. 

Coakley concludes (Coakley 1983) that OMT frequency is independent of illumination 

or fixation and thus some other factor is responsible for the observed low frequency 

activity in OMT spectrum with closed eyes.

In conclusion, a thorough and systematic review of the literature on OMT variability 

was conducted. This reveals the evidence to support reliability and reproducibility of 

OMT in the laboratory setting to be incomplete.
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2.3.2 Ocular microtremor in disorders of ocular m otility

A study of OMT in five subjects(Bolger et al., 1999c) with unilateral complete third 

nerve palsies has been reported. Of these patients, one had a central palsy due to a 

brainstem infarct and four had peripheral palsies due to microvascular infarction, 

internal carotid aneurysm, and skull base fracture. In all five subjects OMT was 

significantly different in the paretic eye in terms of frequency and pattern, compared 

to the nonparetic eye.

This study did not compare findings to those in normal age-matched controls, rather 

the non-paretic eye was used for comparison. It is known that in eye muscle palsies, 

ocular movements in the nonparetic eye are also different from those in healthy 

controls(MacAskill et al., 2002), particularly in the case of peripheral palsies. It is 

possible that OMT param eters in the nonparetic eye are also altered due to these 

central adaptation processes.

Furthermore, OMT has only been investigated in the prim ary position of gaze. The 

effect of orbital position of the globe on OMT in ocular palsy is unknown. Since the 

relative contribution of agonist-antagonist pairs varies with eye position, OMT may be 

maximally affected in the position of action of the paretic agonist (i.e. in abduction for 

sixth nerve palsy). With weakness of ocular muscle in one eye, patching of the normal 

eye has been shown to result in overactivity in both saccades (hypermetria) and 

pursuit in the normal eye(MacAskill et al., 2002). This overactivity is eye-position and 

muscle-action dependent (agonist or antagonist) for a given movement, and does not 

reflect a global modulation of innervation(MacAskill et al., 2002). Therefore it may be 

useful to measure OMT in a variety of positions of gaze (abduction and adduction) to 

determine the effects of the paretic muscle acting as an agonist or antagonist. 

Adaptation to sensory changes in the fixation system occurs rapidly (less than 

24hours) following iatrogenic foveal lesions in monkeys, and hum an adaptations 

occur more rapidly than in monkeys (MacAskill et al., 2002).

There are no published reports of OMT in sixth nerve palsies. Effects of duration 

(acute vs chronic) and location (peripheral vs acute) of sixth nerve damage has been 

examined for other eye movements, including saccade dynamics(W ong et a l, 2006,
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MacAskill et al., 2002) and vestibulo-ocular reflex, but no reports exist for fixational 

eye movements, including OMT.

OMT has been studied in one other disorder of ocular motility: ophthalmoplegia 

(Bolger et al., 1999c, Coakley, 1983b). Coakley(Coakley, 1983b) reported unilateral 

absence of OMT activity in the affected eye of an 84-year old wom an with complete 

internal and external ophthalmoplegia due to cavernous sinus thrombosis. 

Bolger(Bolger et al., 1999c) studied a 57-year old m an with unilateral complete 

internal and external ophthalmoplegia due to an aneurysm  of the intracavernous part 

of the internal carotid. No distinguishable trem or activity was seen in the affected eye.

Visual and proprioceptive influences on OMT

It is not known whether, or to what extent, OMT is influenced by visual or 

proprioceptive feedback. The existence of proprioceptive receptors in the extraocular 

muscles has been debated for many years, but evidence is m ounting for a 

proprioceptive signal(Buttner-Ennever and Horn, 2002, Weir, 2006). Proprioception 

from the eye is thought to travel to the spinal nucleus of the trigeminal nerve mainly 

via the ophthalm ic branch of the trigeminal nerve. However, the ocular motor nerves 

may also transm it a small portion of proprioception (Gentle and Ruskell, 1997). 

Proprioceptive deficits may occur in peripheral ocular nerve palsies(W ong et al., 2002) 

due to im paired transmission of the proprioceptive signal via the nerve or due to 

muscle changes. Proprioceptive signals from a palsied muscle or its shortened, slack 

nonparetic antagonist muscle are likely to be abnormal (Sharpe et al., 2003) and could 

contribute to monocularly abnormal OMT observed in oculomotor palsies.
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Chapter 3

Important issues to address to advance the field of OMT 

research - pertinent measurement, clinical and theoretical 

issues

A num ber of measurement, validation, clinical and theoretical issues are pertinent and 

timely in the investigation of OMT. These issues are im portant in the advancement of 

the field and are addressed by the general and specific research questions of the thesis, 

which are also outlined here. The thesis structure undertaken to address these aims is 

summarised.

Key issues to address arising from the review of OMT variability in published 

studies:

The reproducibility of OMT estimates is limited by a number of factors. Inherent

resolution limitations affect the ability of the equipm ent to record precise

measurements. In addition, technical variations from study to study, such as the

stability of the headset and differences in setups affect the reproducibility. Other

sources of variation that limit precision of measurements are variations in methods

(and method interpretation) of signal processing, physiological variation (age,

circadian rhythms, illumination, eye position and fixation) and the random  variations

introduced by hum an observers. With potential for use of OMT as a diagnostic

device, variations in measurements may have profound effects on patient outcome.

Efforts should be m ade to definitively evaluate and eliminate these variations as much

as possible, prior to investigating OMT further as a diagnostic device. A major

concern is the subjective determ ination of what exactly constitutes 'bursts' or

'baseline' in the OMT records. This is essential to the characterisation of the six

parameters of OMT (derived statistics) studied by Bolger. Given that Bolger found

significant inter-observer variability in percentage baseline (a derived statistic

requiring identification of bursts), the reliability of these m ethods is questionable.
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Inter-subject variability is considerable in OMT (range of mean frequencies 70-113Hz 

in Bolger study). This is of concern if OMT is considered for use as a diagnostic 

device. If the range of normal and abnormal values of OMT overlap it will be difficult 

to categorise records as 'norm al' or 'abnorm al' on unstudied individuals. It may only 

be possible to comment on a change in OMT frequency in a single individual with 

multiple records taken over time. In this case more minor effects, such as intra

observer reliability will also be more im portant. An estimation of the contribution to 

variance in OMT m easurements by several different factors or study conditions 

should ideally be based on applying all factors or conditions to each of the subjects or 

randomly assigning factors to subjects in each study. The approach taken in some 

author's work of examining the variance in a "one factor at a time" manner using 

different groups of volunteers, with insufficient information about the subjects given 

to estimate heterogeneity, is a weak design. Differences in variance may reflect 

differences in study characteristics rather than chance variation. An obvious first step 

in the advancement of OMT measurem ent is therefore a repeated measures reliability 

study to define variability in OMT param eters under reproducibility conditions.

Besides the obvious subjective nature of burst analysis to date, the obvious overlap 

and reciprocal nature of the six 'burst' param eters (derived statistics) mean that each 

gives little extra information. It is usually reasonable to consider two or three derived 

statistics but a single measure of prim ary interest should be identified (Altman, 1991).

It is clear that a significant portion of sources of variance in ocular microtremor 

remain unidentified. A num ber of factors are worth investigating, a thorough 

discussion of which is beyond the scope of this review. Variance in OMT records may 

be separated into two general domains: that due to a) variables in the dynamics of the 

eyeball and muscles and b) processes within the brain. The first dom ain may be 

investigated by evaluating variance in other m easurem ent involving contact with the 

eyeball. The most obvious of which is the measurem ent of intraocular pressure using 

a Goldman tonometer (the gold standard). Factors documented in the published 

literature associated with variability in tonom eter readings include comeal thickness, 

age, caffeine, posture, circadian rhythms, sleep, the water provocation test and 

valsalva manoeuvre. The second dom ain presents more of a challenge due to the 

complexity of brain function. Studies of neurophysiological param eters such as
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pupillometry (which tests the latency of the pupil light reflex) and electrophysiology 

may illuminate factors worth examining.

3.1 Issues to address in OMT measurement -  validating a 

new discovery protocol

From a review of the literature pertinent to OMT, a num ber of clear gaps exist related 

to

1. OMT measurement

a) Protocol for OMT recording which adheres to m odem  medical device 

requirements.

b) Reliability of the newly developed OMT measurement system in control 

subjects.

c) Characterization of novel OMT param eters in healthy subjects, including 

automatically detected burst parameters

d) OMT under the influence of common psychoactive substances confounding in 

clinical populations, such as caffeine and alcohol

Clearly a robust repeated measures reliability study is a logical next step. Specific to 

OMT analysis, variability in burst parameters requires further investigation, as well as 

the observed difference in WPC and ARS estimates of OMT peak frequency.

2. Beyond the validation and reliability issues identified, potential sources of 

variability identified in the literature review which are currently inconclusive are: 

the effect of vibration and noise on recording integrity, the effect of eye deviation 

and fixation require clarification. In particular a repeated-measures examination 

of OMT in darkness vs. light has not been conducted. This investigation can be 

usefully extended to include the study of OMT in conditions of fixation instability; 

visual deprivation, visual impairment, subjective vision during testing, darkness, 

and fixation vs. non-fixation viewing conditions.
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3. OMT as a neurophysiological correlate of arousal, the effect of increased arousal

on OMT via adm inistration of the known stimulant caffeine.

4. OMT as a measure of brainstem integrity -  potential prognostic value in stroke

affecting the brainstem

5. Given eye movement is the best understood motor system, and that motoneuron 

and extraocular muscle mechanics are relatively well characterized, the 

application of this knowledge to OMT may yield useful information regarding 

OMT and its relation to neural firing and extraocular muscle tension. A study of 

OMT in reponse to abnormal muscle tension in ocular m otor palsy is warranted.
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Chapter 4

Ocular microtremor: new OMT-PZT measurement system 

characteristics

4.1 Introduction

By virtue of its m inute size and rapid oscillation, it is a challenge to record OMT 

accurately. As discussed in the preceding literature review, commercial eye-trackers 

developed to measure the larger fixational eye movements, do not have adequate 

resolution to measure OMT. Bengi and Thomas developed a piezoelectric strain-gauge 

in the 1960s (Bengi and Thomas, 1968b), adaptations of which have been used in the 

majority of clinical studies of OMT (Coakley, 1983a, Sheahan et al., 1993). Some 

further alterations have been made to the device for its use in the doctoral work 

presented here (Al-Kalbani, 2009). The aim of this chapter is to briefly present the 

technical characteristics of the system used and to review this system in the context of 

m easurement systems for OMT and other eye movements. The theoretical and 

practical limitations of the system are summarized, including how potential safety 

concerns have been addressed.

61



4.2 OMT PZT system design and implementation

The current system for OMT frequency estimation was developed by Al-Kalbani (Al- 

Kalbani, 2009) and incorporates some advances over earlier designs used clinically. 

These advances include consistent gravity-dependent probe loading on the eye 

(previously loading was operator-dependent) and an increased dynamic range, such 

that the system is capable of tracking microsaccades. The new system has also 

incorporated some modifications in light of recent infection control guidelines 

regarding possible transmission of prion disease (spongiform encephalopathies) via 

contact with the ocular surface. In addition, the ocular-contacting material is now fully 

biocompatible, as recommended for devices in clinical use.

4.2.1 Technical description of 'OM T PZT system '

The current OMT-PZT system (shown in Fig. 4.1) features a 'headset' - a snorkeling 

mask adapted to house positionally adjustable piezoelectric sensors for each eye.

The subject lies supine, their eyelids held open with adhesive tape (Fig. 4.2) to prevent 

eyelids or lashes from distorting the trace by rubbing against the sensors. The sensor 

tips, coated with a silicone sheath (Fig. 4.3), are in contact with the ocular surface and 

vibrate due to movements of the eyes against them. The tips contain material 

(piezoelectric bimorph crystal) which produces a voltage signal in response to this 

vibration. The signal is amplified, digitized and fed to a laptop computer for later 

signal processing. The system passed electrical safety tests for the design of medical 

devices, in compliance w ith International Electrotechnical Commission standards (lEC 

60601-1).

Basic technical description of OMT PZT system

The OMT PZT system is m ounted on a modified single-window snorkeling mask. The 

mask has a strap which is used to secure the headset behind the subject's head, and 

the subject lies supine while the system is m ounted onto their head. Extra foam 

padding is glued to the skirt of the mask for subject comfort. This padding also allows 

a degree of m oulding to the shape of a subject's face. The weight of the entire headset 

(with probes in situ) is approximately 1.8kg. The mass of the headset and the securely 

fastened close fitting mask help limit relative movement between the head and
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measurement system Such movement is a potential source of variability in eye 

movement recordings.

The clear window of the mask has two rectangular holes cut through it to allow a 

wide aperture over both eyes through which the sensor probes can contact the sclera. 

The piezoelectric bimorph sensor element for each eye is mounted in a removable 

3.5mm male stereo jack housing. The sensors plugs into stereo sockets in the left and 

right sensor positioning mechanisms. Each positioning mechanism can be separately 

adjusted medially/laterally and superiorly/inferiorly relative to the eye by the 

operator using two orthogonal thumbscrews (Figure 4.4).

The sockets in each positioning mechanism lie in a vertical plane orientated at +/-35°to 

the 'straight ahead' position. This orientation approximately aligns the sensors 

normal to the scleral surface when placed in contact with the sclera midway between 

the canthus and iris border of an eyeball of average radius of 11.5mm. The sensor 

sockets are fitted to precision linear ball slider mechanisms which allow the operator 

to advance / retract each sensor along this radial line using a fine screw mechanism. 

The slider mechanism allows male and female stereojacks, the bimorph and its 

silicone covering to move freely with respect to the eye in an antero-posterior 

direction relative to the ocular surface. Therefore the force exerted by the system on 

the eye is the combined weight of the stereo-jack, bimorph and silicone sheath (total 

mass 14g +/- Ig, discussed in detail later). This represents a considerably greater force 

on the eye than other contacting devices for eye-movement recording, such as the 

sclera coil (85mg mass). While the low mass of the sclera coil is felt unlikely to have a 

great effect on eye movement variability (van der Geest and Frens, 2002), it is possible 

that the OMT probe itself induces changes in eye movement dynamics.
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Figure 4.4 OMT PZT system headset features
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The piezoelectric bim orphs (custom SV07, Sensor Technology Ltd. Ontario, Canada) 

are electrically in-series and are bonded with opposing axes facing each other. The 

bimorphs are covered with a silicone sheath (Fig 4.3 (A)), which come into contact 

with the ocular surface through the apertures in the mask window.

The voltage generated by the bim orphs is picked up by their respective amplifiers. 

The amplifiers are powered by a battery pack, external to the headset, but connected 

to the amplifiers by a cable. Cables from each amplifier carry the analogue eye 

movement signal to a 24-bit analogue-to-digital convertor (ADC) external to the 

headset. This ADC is connected via a USB cable to a laptop. When the system is 

operational a real-time display of the recorded signal is displayed on-screen.

The piezoelectric bim orphs used in Al-Kalbani's system differ slightly to Sheahan's 

bimorph. They are thin elements (2mm wide and 0.5 -  0.6mm thick), and vibration of 

the element generates a voltage. The free end of the bim orph is 15mm long, a 

compromise between providing good sensitivity (greater sensitivity obtained by 

increasing the length of the free end) and reducing the likelihood of breakage of the 

bimorph (the longer the free end, the more prone to breakage is the brittle bimorph 

material). The mechanical resonant frequency of the bim orph with a 15mm free end is 

1070Hz -  well out of the range of OMT frequency.

Sheahan's PZT system used a piezoelectric bimorph with a silicone covering which 

was disinfected after each use in a solution of sodium hypochlorite. Since that time, 

biocompatible materials have become widely available for use in situations where 

material comes in contact with hum an tissue, such as in contact lenses for the eye. 

Biocompatible materials are specially designed to minimize foreign-body or toxic 

reactions when the tissue comes in contact with the body (Williams, 2008). Al-Kalbani 

developed a simple biocompatible disposable silicone sheath to cover the probe tip 

which comes in contact with a subject's sclera. The sheaths are made from 

biocompatible medical grade silicone (MDX4-4210, Dow Coming). Since they are 

disposable, any theoretical risk of cross-contamination between subjects is avoided. 

While this introduces a small additional cost in manufacture of disposable sheaths, 

and in labour costs of fitting a new sheath to a probe after each use, they meet current 

requirements for equipm ent coming into contact with the ocular surface being
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disposable (discussed in further detail below). These probe tips introduces an 

additional potential variability factor in eye movement recordings, as slight 

discrepancies between the surfaces of different sheaths could alter the interaction with 

the ocular surface.

Sheahan's PZT system (1993) used a screw mechanism to bring the probe into contact 

with the ocular surface. Therefore the pressure of the probe on the eye was subject to 

variability in how far the operator allowed the probe to advance with the screw 

mechanism. Greater pressure exerted by the probe on the eye will increase the globe's 

inertia, as shown by Bengi and Thomas using their original PZT system (Bengi and 

Thomas, 1973). Since ocular movement results from overcoming this inertia, 

minimizing and controlling or standardising this inertia is desirable for quantitative 

recordings of ocular movement. The screw mechanism employed by Sheahan also 

resulted in the probe being rigidly held against the eye during recording. In the case 

of inadvertent ocular movement, this rigid position of the probe could potentially 

cause damage to the surface of the cornea. In Al-Kalbani's system the probe is not 

held rigidly but has a potential range of anterior-posterior movement on the slider 

relative to the eyeball (the slider has a range of motion of 3.8 -  10mm). The antero

posterior mobility of the probe may reduce any potential risk of comeal injury with 

sudden gross eye movement. However, this adaptation to the system could also make 

it more prone to slippage on the eye and may affect the integrity of the eye movement 

recording. This may result in greater variability in the responses of the system.

Sheahan's system had a dynamic range of 25nm -  2500nm. This range is too limited 

for faithful recording of intermittent microsaccades, and microsaccades occurring 

during a recording would introduce considerable distortion to the eye movement 

signal. Sheahan used an analogue bandpass filter to remove sudden, large amplitude 

distortions caused by eye movements such as microsaccades and slow low amplitude 

drift prior to digitization of the signal (using a 12-bit analogue-to-digital convertor 

(ADC)) allowing later OMT param eter analysis. Al-Kalbani's system makes use of 

improvements in ADCs which were not available to Sheahan, specifically a 24-bit 

ADC which digitizes the eye movement signal prior to further processing. This new 

technology has two main advantages: recordings can be m ade without pre-filtering 

and with a greater dynamic range, allowing the recording of microsaccades and other 

larger fixational eye movements as well as OMT (Figure 4.5). This is useful in the
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clinical setting as subjects may exhibit saccadic intrusions and other m inute eye 

movements which are now visible on the OMT trace. Furthermore the study of 

microsaccades using the OMT PZT system can provide evidence as to how the PZT 

system and the probes behave with ocular movement. Simultaneous recordings of 

microsaccades with the OMT PZT device and other commercial eye-trackers can be 

used to investigate the inertia exerted on the eye by the probes.
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Figure 4.5 An example of a one-second recording of fixational eye movement captured 

by the OMT PZT system, as displayed in real-time onscreen during recording. The 

trace includes one microsaccade. Drift movement has largely been removed by 

filtering of the system.

Eye m ovem ent signal generation and processing

The bim orphs and amplifier circuitry constitute a first order high pass filter for the eye 

movement signal. A high input impedance instrum entation amplifier (BB. INA114), 

gain set at 100, was used to provide adequate input impedance The frequency 

response of the bim orph and amplifier was flat to within 2dB between 0.5Hz and 

200Hz (the range of interest for OMT recording). The amplifiers were housed directly 

beside the probes to limit noise. All wiring in the system was shielded to limit 50Hz 

electrical interference. Potential cross-channel interference was limited by separating 

the circuitr}' for right ('Channel 1') and left ('Channel 2') eye sensor systems.

The amplifier output is received by the 24-bit resolution ADC (National Instrum ents 

Data Acquisition (DAQ) USB-9233, dynamic range 102dB), which is connected to a
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laptop com puter via a USB cable. This device has an anti-aliasing filter, which aims to 

remove signal components at frequencies which cannot be properly resolved by the 

sampling device used (sampling frequency 2500Hz). Failure to remove these 

components results in undesirable noise in the signal. The digitized signals from the 

ADC are stored as text files (.txt) on a laptop com puter for later digital signal 

processing.

Various algorithms are used to reconstruct the OMT signal from the data allowing 

later OMT param eter analysis. Al-Kalbani investigated novel digital signal processing 

techniques to separate the eye movement signal components for further analysis of 

OMT. The use of these techniques, such as Wavelet denoising and blind source 

separation, was made possible by the greater dynam ic range afforded by the 24-bit 

ADC.

Interaction of the OMT PZT system w ith  the ocular surface

The part of the OMT PZT system in direct contact with the ocular surface is the 

biocompatible silicone sheath. These sheaths are custom-made for individual use on 

one patient. A protocol is followed for disinfection of the probe sheaths prior to 

patient use (discussed in detail below). The distal end of the silicone sheath has a 

w ider diameter (4mm) than the proximal end. This distal surface comes into contact 

w ith the sclera, and the pressure exerted on the eye is approximately 81mmHg 

(equation below).

The diameter of 4mm was a pragmatic balance between precision of probe placement 

(greater precision being afforded by a smaller tip diameter) and the pressure exerted 

by the probe on the scleral surface (greater pressure resulting from a smaller tip 

diameter).

Here the pressure exerted on the eye is estimated from published data on the 

specifications of A1 Kalbani's system. The force acting on the eye in Al-Kalbani's 

system is the weight of the sensor and attachments under gravity, given by equation 

4.1. The mass of the sensor complex (probe + gravitational-dependant sliding 

mechanism) resting on the eye used in the OMT PZT system is 14g +/- Ig.

68



Force = mass * gravity 

= 0.014kg * 9.81 /s2 

= 0.137N

Eqn 4.1

The pressure of the probe on the scleral surface, if the probe were held vertically is 

represented by Eqn. 4.2 and is constant using Al-Kalbani's device, which removes a 

potential source of variability in OMT signal recordings.

Pressure on sclera for probe held vertically = Force / Area Eqn 4.2

= G.137N/Tir2 

= 0.137N / n  (0.002)2 

= 10902.1 Pa 

= 81.8mmHg

Since the probe is actually angled at 35 degrees to the horizontal rather than being 

suspended vertically, the force acting directly on the eye is a vector of Eqn 4.2, given 

by Eqn. 4.3:

Pressure on sclera for probe at 35° = Cos 35® * (vertical force) Eqn 4.3

= 0.82 * (vertical force)

= 0.82 » (10902.1 Pa) = 8939.7 Pa 

or = 0.82 * (81.8 mmHg) = 67.1 mmHg

Therefore the pressure exerted by the probe on the eye is approximately 67mmHg. 

OMT probe and the biom echanics of the sclera

Engineering 'stress' and 'strain' are forces produced by indenting the sclera, and are 

discussed in detail with reference to the eye elsewhere (Buzard, 1992). Briefly, 'stress' 

is the internal force produced in an object subjected to a compressive force (load per 

cross sectional area), and 'strain ' is the non-dimensional deformation which occurs 

due to the load (change in length as a proportion of original length). The 'yield point' 

is the point on the stress-strain curve at which a material begins to deform plastically,
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and is defined based on stress-strain testing of a material (Buzard, 1992). At stresses 

below the yield point the material will return to its original conformation after 

removal of the applied stress, but beyond the yield point some irreversible 

deformation of the material occurs.

Rupture of norm al hum an sclera occurs under stress between 9.10 -  9.90 MPa, and 

under strain between 6.4 -  7.1% in-vitro (Uchio et al., 1999). Analysis of the stress 

induced by the OMT probe on the globe is theoretically complex and beyond the 

scope of the current work.
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4.3 OMT parameter estimation using the new 'OMT PZT 

system'

Previous clinical studies relied on basic signal processing techniques and used OMT 

'peak count' (peaks per second in the OMT trace) and 'spectral peak' (high frequency 

peak of power spectra derived from the OMT signal) as parameters. Although these 

parameters have dem onstrated diagnostic and prognostic utility (Bolger et al., 2000), 

subtleties in the signal, such as parameters proposed by Al-Kalbani (Al-Kalbani, 2009), 

may provide more useful measures of neurologic dysfunction. This section briefly 

reviews the analysis of OMT signals which is possible using the current OMT 

measurement system.

4.3.1 Recording and analysis software

A suite of software program s was developed to facilitate good quality signal 

recording and to allow in-depth offline analysis of the recorded signals. Good signal 

quality is facilitated by means of an on-screen time-domain representation of the 

recorded signals from both eyes, allowing the operator to ensure a clean trace is being 

obtained, and to verify that 50Hz noise is below the level likely to cause interference 

in recordings.

Analysis of the signals begins with a subjective evaluation of the quality of the full eye 

movement signal. Obvious artefacts or distortions can be identified by eye; in 

particular 50Hz interference is easily detected by an observer familiar with the signal. 

Such distortions may be dealt with by discarding the trace, by discarding the distorted 

portion of the trace and analyzing the remainder, or by applying a 50Hz notch filter 

(for 50Hz distortion). The OMT component of the recorded signal can then be 

extracted using either a 'w'avelet' algorithm or by 'cutting' out parts of the signal 

which are not consistent with OMT am plitude parameters. The recovered OMT signal 

can then be examined using various methods of frequency analysis, including peak 

counting, Fourier transform, Welch and linear predictive spectral analysis. These
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methods are used to estimate the peak frequency contained in the recovered OMT 

'signal'. The spectral power contained in the frequency peak obtained by each of these 

methods can be determined. Novel signal processing techniques are also included in 

the package, including non-linear techniques such as spectral pow er ratios and 

param eters related to 'bursts'.

4.3.2 Performance of PZT OMT system  based on OMT sim ulator testing

The performance of the system used in this work has been investigated via simulator 

testing (Al-Kalbani 2009), and this investigation is outlined below as the findings are 

pertinent to studies using this system in hum an subjects, in terms of capabilities and 

limitations of the system.

Dynamic range, frequency response, phase response, am plitude response.

A num ber of investigations were perform ed on the new OMT PZT system using a 

custom-built 'OMT simulator' which replicates OMT movement in terms of frequency 

and amplitude. This apparatus was used to examine the dynamic range, frequency 

response, phase response and am plitude response of the new system prior to use in- 

vivo. It should be noted that these investigations are limited by the nature of the 

surface of the 'OMT simulator', which is a plastic surface, and therefore does not 

replicate the surface interaction of the probe on the sclera. The in-vivo interaction is 

subject to a greater degree of slippage due to the tear film and other characteristics of 

the scleral surface.

V alidity of the Sim ulator

The OMT simulator was calibrated, using a Michelson interferometer, as a standard 

against which to test the response characteristics of the OMT system probes. The 

sim ulator had a 'flat' frequency response to within 0.3dB over the frequency range of 

interest for OMT (between 2 0 -1 5 0  Hz) and a linear am plitude response (Al-Kalbani 

2009). A 'flat' frequency response im plies the system reproduces the input signal 

w ithout attenuation of any particular frequency bands. These responses estimate the 

measurement uncertainty of the OMT sim ulator based on calibration with the laser 

interferometer. Ideally, the ratio of m easurem ent uncertainty in the standard (OMT 

simulator) versus the test device (OMT-PZT system) should be approximately 1:4 for
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the uncertainty of the standard to be considered insignificant (BIPM et al., 2008). 

Therefore, taking the uncertainty of the OMT simulator as +/-0.3dB, we should assume 

the uncertainty of the frequency response can be reliably estimated with a tolerance of 

+/-4*(0.3dB) = +/-1.2dB. Experimental testing of the frequency response of the OMT 

probes (Al-Kalbani 2009) found the response was 'nearly flat' in the frequency range 

of interest in OMT, with small peaks of 0.4dB magnitude. Therefore we should take 

the tolerance value of +/-l-2dB as a more conservative estimate of measurement 

uncertainty for OMT frequency using the OMT probes. The system satisfies the 

requirement for OMT measurem ent of a frequency response of 20 -  150Hz with a 

tolerance of +/- 2dB (Sheahan 1993). A variation of +/-1.2dB corresponds to variability 

of 1.2dB in OMT spectral peak power, or a variation of 15% in signal am plitude based 

on variation in frequency response alone.

An estimate of m easurem ent uncertainty of the OMT-PZT probes was also provided 

in terms of mean am plitude response to the standard (3.21mV/um, standard deviation 

0.95mV/um). The measurem ent resolution of am plitude for the system is not assessed 

in detail as am plitude parameters are not used in this thesis (discussed further below).

The simulator was used to examine the dam ping effect of the mass of the probe on the 

simulator frequency and am plitude response, by comparing simulator output in a 

'loaded' condition (with the mass of the probe, 14g) against the output in the 

'unloaded ' condition. The 'loaded' condition replicates the dam ping produced by the 

OMT PZT contacting device. The amplitude response was also found to be linear in 

the 'loaded ' condition but the movement was dam ped relative to the 'unloaded ' 

condition. Relative to the 'unloaded ' condition, Al-Kalbani reports that a given 

displacement at a frequency of 80Hz was dam ped by a factor of 0.57nm/mV (Al- 

Kalbani, 2009). It is relatively simple to calculate the dam ping effect on OMT 

amplitude: given the mean calibration factor between input and output am plitude 

signal was 3.21mV/um, or 0.00321mV/nm (see section below), meaning for each mV 

produced, the bim orph has been displaced 312nm. Relative to this the dam ping effect 

of the probe is negligible: 0.57nm/mV = 0.57*100/312 = 0.18% reduction in OMT 

amplitude.

Accuracy of the OMT PZT probes
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The frequency response of five OMT probes was reportedly almost flat on simulator 

testing (implying the output replicated the input frequency faithfully) over the OMT 

frequency range of interest (Al-Kalbani 2009). Individual probes exhibited small peaks 

in frequency response at different frequencies, including 90,100,130 and 140Hz, with 

tolerance of <= 0.4dB magnitude. This is considered acceptable by Sheahan (1993). The 

phase response was also relatively linear between 20 -  150Hz among the 5 probes 

tested. The m ean calibration factor between input and output am plitude signal was 

found to be 3.21mV/um (standard deviation 0.95mV/um) (Al-Kalbani 2009). This 

relatively large standard deviation (30% of the mean) means the probes varied 

considerably in terms of am plitude response. The OMT piezoelectric device, when 

resting on the ocular surface during fixation, undergoes vibration due to movement of 

the eyes (fixational eye movement). Fixational eye movements are known to be of 

am plitude within the range 25 -  2500nm (see Martinez-Conde (2004) for review of 

fixational eye movement amplitudes). The vibration or movement which the 

piezoelectric probe undergoes is transduced into voltage by the piezoelectric element. 

Given the calibration factor based on studies by AlKalbani (2009) on our piezoelectric 

device was 3.21mV/um, the expected output voltage from probe vibration will range 

from 25nm*3.21mV/um to 2500nm*3.21mVm (i.e. O.OSlmVto 8.025mV).

Precision of OMT PZT probes

One probe was tested for precision of amplitude estimation. The variation in 

am plitude estimated from 10 trials was investigated using the sim ulator vibrating at 

80Hz with peak-to-peak displacement of lum . The probe showed good repeatability 

of measurem ent - the coefficient of variation (COV) for am plitude estimation over 

these 10 trials was 4%. This compares favourably to the COV for estimation of OMT 

am plitude m easured by Sheahan using the previous OMT system (Sheahan 1993) -  

11% with a plastic target on the simulator head. Al-Kalbani (2009) postulated the 

reduced variation with the new system may result from standardization of the 

pressure of the probe on the simulator surface due to the gravitational slider 

mechanism.

Increasing the mass of the probe from 14g to 36g had minimal effect on the amplitude 

response of four of five probes tested using the simulator. However one probe 

exhibited greater variability, greatest when the probe mass was over 29g. The effect of 

loading the probes was also examined in-vivo on one hum an volunteer, increasing
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probe m ass from  14g to 18.5g. A lthough there w as no apparen t relation betw een m ean  

am plitude  or frequency estim ates and  probe m ass, there w as greater variability in 

am plitude  (COV increased from  9 to 15%) and  frequency (COV increased from  1% to 

6%) w ith in  ind iv idual eye m ovem ent records w ith  increasing probe m ass from  14g to 

18.5g (Al-Kalbani 2009). The average pow er in the spectral peak also decreased 

slightly  from  78dB to 73.5dB w ith increasing probe m ass from  14g to 18.5g. Above 16g 

the subject also no ted  discom fort due  to the pressure of the probe on the eye. The 

m in im um  possible probe m ass (14g) w as therefore used  for the curren t OM T PZT 

system .

Id en tifica tio n  and  rem oval o f artifacts in  the  'O M T  record '

E valuation of hum an  trem or m ovem ent has developed from  sim ple assessm ent of 

am plitude  and frequency to pow er spectra of trem or time series. M athem atical 

descrip tions of hum an  trem or signals (such as OMT) contain random  qualities due  to 

their com plex generation, and  they are considered stochastic signals (M ichalski and 

C hw aleba, 2003). W hile Fourier transform ation is effective for the analysis of 

sta tionary  signals, non-stationary  properties of signals are not represen ted  by the 

Fourier transform  and  stochastic signals contain m uch m ore inform ation than is 

conveyed by autocorrelation  or pow er spectral characteristics alone. N ovel evaluation 

techniques have been developed  based on non-linear dynam ics such as joint time- 

frequency m ethodologies, w hich are well su ited  to non-stationary  p a tte rn  analysis 

(Engin et al., 2007). Such m ethodologies have show n prom ise in the investigation of 

trem or due  to ex trapyram idal diseases, including P arkinson 's disease and  essential 

trem or (M ichalski and  C hw aleba, 2003, Engin et al., 2007), and  have been utilized  by 

A l-Kalbani (2009) to recover OMT m ovem ent from  OMT-PZT system  recordings.

Al-Kalbani investigated  five m ethods for recovering OMT m ovem ent from  the 

recorded  PZT signal (Al-Kalbani 2009). The perform ance of these m ethods (filtering, 

'cu ttin g ', m ultiresolution, ATVF and  'w avele t' m ethods) w ere exam ined in  term s of 

recovering sim ulated  OM T signals in  the dom ains of time, frequency and  jo in t tim e- 

frequency. The w avelet m ethod  perform ed best, w ith  least signal d istortion  (Al- 

Kalbani 2009). The 'w ave le t' m ethod  is a tim e-frequency approach  w hich processes 

non-sta tionary  signals in  a tw o-dim ensional tim e scale. The w avelet transform
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method is highly effective for denoising biomedical signals, especially non-stationary 

signals, and is now widely used in their analysis.

The signal captured by the OMT PZT system is a composite of all movements 

occurring at the probe tip (see Figure 4.6 for example), including fixational eye 

movements (microsaccades, drift and OMT), and other movements relative to the 

probe (such as head movements).

A key challenge in OMT signal analysis is the removal of microsaccades. Sudden 

changes in physiological signals, such as microsaccades in the OMT record, can distort 

the signal in both time and frequency domains. Microsaccades have approximate 

mean peak-to-peak amplitude of lOum (2.5 arc minute) ranging up to llOum. The 

ratio of microsaccade am plitude to OMT RMS amplitude is 15:1 (Sheahan 1993).The 

microsaccadic 'step ' movement overlaps the OMT frequency spectrum to some extent 

(Eizenman et al., 1985). The number of microsaccades occurring per minute varies 

widely between subjects, and between test sessions. The mean interval between 

microsaccades ranges from 0.5s to 5s (Carpenter, 1988), and the mean duration of one 

microsaccade is 0.03 -  0.05 seconds (see literature review). Tlie PZT recording contains 

a low frequency (2Hz) component similar in amplitude to OMT; this is likely a 

composite of drift movement and small head movements - physiologic trem or in 

normal individuals is in the range 8 -  12Hz (Popp and Deshaies, 1998)

Previous studies of OMT dealt with microsaccades in different ways: low pass 

filtering of microsaccade artefacts (Bengi and Thomas, 1968b), resulting in signal 

distortion, visual inspection (Abakumova et al., 1975b, Coakley and Thomas, 1977a), 

or autom ated thresholding (Eizenman et al., 1985, Sheahan et al., 1993). These 

approaches are limited by distortion of the signal where microsaccades have been 

removed, and alter the temporal characteristics of the signal, hindering the application 

of temporal and joint time-frequency analyses of clinical interest. M ultiresolution 

signal decomposition has also been used (Ramdane-Cherif et al., 2004), but the 

performance of this method was not reported by the authors.

Previous studies of OMT have largely disregarded the frequency band 10 -  40Hz, 

since this band was considered to be distorted by artefacts due to the filtering of low 

frequency drift movement (Bengi and Thomas, 1968b, Sheahan, 1991). Frequencies
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outside the range 20 -  150Hz are generally filtered out using a bandpass filter 

(Sheahan 1991, Bolger 1994).

Al-Kalbani (2009) developed a novel undecim ated wavelet transform denoising 

technique (referred to as 'W avelet' for convenience in the remainder of this thesis) for 

separating the microsaccade component of the eye movement trace from the signal 

(Figure 4.6). Following removal of microsaccades using the Wavelet, a digital 20Hz 

high-pass filter was used to remove low frequency components, and the noise in the 

remaining OMT signal was filtered with a time-varying filter (Gabor transform 

thresholding). The Wavelet technique had superior performance to simple filtering (20 

-  150Hz band-pass filter), cutting (removing 0.03s before and after a microsaccade 

peak, followed by 20 -  150Hz filtering), multiresolution methods, and a time-varying 

filter with an adaptive threshold ('ATVF').

OMT PZT recordings of 15s duration from hum an subjects were processed to extract 

OMT in the standard way ('cutting' microsaccades and then filtering 20 -  150Hz). 

'W hite noise', random  microsaccades, and a 'drift' component (5Hz sine wave) were 

added to these original signals. In addition, a low frequency component was added to 

some signals to simulate 'abnorm al' OMT records. These simulated noisy traces were 

processed using the different denoising techniques. The denoised signal was 

compared with the original OMT signal to determine efficiency of denoising. The 

'W avelet' method dem onstrated the best performance among the five m ethods tested 

for microsaccade removal, in terms of time domain, joint time-frequency, band pow er 

and clinical param eter estimation. Table 4.1 summarises the Wavelet performance 

characteristics for these param eters based on 'norm al' and 'abnorm al' OMT test 

signals (based on Al-Kalbani (2009)). In particular, the power in the spectral peak was 

less reliable for abnormal than normal test signals (absolute mean difference 6.9Hz for 

abnormal signals, 0.3Hz for normal). For peak count and the autoregressive spectral 

peak there was little difference between original and denoised signals for both normal 

and abnormal signals (mean absolute difference 1.2 and 1.9Hz for peak count, and 0.8 

and 1.6Hz for ARS peak).
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Figure 4.6 Example o f separated components o f a one-second eye movement 

recording captured by the O M T PZT system from  a healthy subject: (a) OMT, (b) d r ift 

and (c) other low  frequency components (<20Hz) were recovered using a wavelet 

M u ltireso lu tion  technique, (d) microsaccade component, extracted using a wavelet 

denoising technique, (e) orig inal whole signal p rio r to separation of components. 

(Adapted from  A l-Ka lban i 2009).

Wavelet Performance

Normal test Abnormal

signal test signal

Time domain
Signal-to-noise ratio 

Cross-correlation

8.56

0.93

4.895

0.812

Joint time-frequency domain (Mean 

Instantaneous Frequency)

Absolute mean difference (Hz) 

Standard deviation error (Hz) 

Cross-correlation

7.28

30.87

0.853

14.04

47.63

0.569

Spectral power domain (Fractional 

Octave Analysis)
Absolute mean difference (Hz) 0.345 6.91

Peak count: Absolute mean difference (Hz) 1.2 1.9

Clinical parameters Autoregressive spectral peak: Absolute mean 

difference (Hz)
0.8 1.6

Gross subjective appearance of signal pattern
Very similar 

to original

Similar to 

original

Table 4.1 Summary o f performance o f the Wavelet method o f microsaccade removal 

based on 10 'no rm a l' and 10 'abnorm al' O M T test signals (based on A l-Ka lban i 2009),
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4.3.3 OMT signal analysis techniques

OMT signal analysis can be considered in two categories: OMT frequency content 

analysis and OMT pattern analysis. Reliable and quantitative feature analysis 

techniques are im portant in identifying differences in OMT signals in physiological 

and clinical studies of OMT.

OMT spectral frequency analysis

Spectral analysis has been used for many years in the study of OMT; Sheahan 

(Sheahan, 1992a) developed methods for OMT frequency peak and spectral power 

analysis, including 'peak count', the Welch spectral peak and the Autoregressive 

spectral peak. Some of these techniques have been im plemented in clinical studies 

(Bolger et al., 1999b, Bolger et al., 2001, Bolger et al,, 1999d, Bolger et al., 2000). These 

m ethods assume the OMT signal is stationary. However, the OMT signal cannot be 

assumed to be stationary, particularly in conditions where the OMT signal is 

considered abnormal (see literature review and Al-Kalbani (2009)).

Peak count

Peak count (counting the num ber of amplitude peaks per unit time), estimates the 

dom inant high frequency content of a signal. This method has been used in the 

analysis of OMT (Bolger et al., 2000). An automated version of peak counting has been 

developed for OMT signals (Sheahan, 1992a). This method aimed to count 'true peaks' 

in the OMT signal based on the system 's signal-to-noise ratio (i.e. by covmting peaks 

with am plitude less than 23dB of the OMT RMS amplitude). This m ethod could 

resolve peaks which were not detected by visual inspection (Sheahan, 1992a), hence 

this autom ated m ethod w ould provide a higher estimate of peak frequency than the 

visual inspection method. Noisy signals will lead to errors in peak frequency 

estimation by this m ethod -  low and high frequency noise resulting in falsely low and 

high frequency estimation respectively. Furthermore, non-stationary signals are not 

well summarized by an estimate of peak frequency.

Fast Fourier Transform (Welch) spectrum
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The FFT (Welch) spectrum involves applying a Fourier transform to segments of the 

OMT signal, and then averaging the transforms (Davies and Plant, 1978, Eizenman et 

al., 1985). The segments may be overlapped to reduce error in estimation of the 

frequency spectrum (Sheahan, 1992a), v̂ îth 50% overlapping providing optimal 

spectral estimation (Al-Kalbani, 2009). Al-Kalbani used the FFT m ethod for OMT 

spectral analysis, using 50% overlapping with a Hanning window. The FFT method 

produces spectral peaks which are correlated with PC and WPC, but it performed 

poorly at classifying 'norm al' versus 'abnorm al' OMT signals (Al-Kalbani 2009). FFT 

shows greater variability than the other measures under clinically stable conditions 

(Sheahan et al., 1992). It also apparently overestimates frequency content for abnormal 

signals compared to PC, WPC and AR m ethods (Al-Kalbani 2009).

Autoregressive Spectral Analysis

The Autoregressive (AR) model is a linear predictive approach, based on modeling 

the signal as white noise passed through a set of filters and the coefficients of the 

filters are estimated. This method can be used for short data segments and does not 

require w indowing for spectral estimation. It has advantages over the FFT (Welch) 

spectral analysis approach in terms of frequency estimation and variability, although 

the classical peak count method has been shown to be superior to both FFT and AR 

for accurate estimation of simulated signal frequencies (Sheahan, 1992a). The AR 

approach has been used in OMT spectral analysis (Ramdane-Cherif et al., 2004), and 

although the coefficients were handled in different ways, a fixed model order was 

used in previous studies. A fixed model order may affect spectral resolution and 

accuracy, and the optimal order may vary depending on the signal being analysed. 

Al-Kalbani introduced an AR analysis model with optimal order estimation for each 

signal (Al-Kalbani, 2009). This novel method perform ed moderately well (80% 

accuracy) at classifying 'norm al' versus 'abnorm al' OMT signals (Al-Kalbani 2009). Its 

use is also limited by the requirement to verify that the AR model used fits w ith the 

individual OMT signal in terms of 'whiteness' of the signal.

A comparison of peak counting, Welch spectral peak analysis (WS, a form of FFT) and 

AR spectral analysis for frequency estimation showed that WS (FFT) showed most 

variability in frequency estimation of OMT signals from normal controls (Bolger et al., 

1999b).

80



Novel Techniques for OMT spectral frequency analysis

Al-Kalbani investigated novel approaches to OMT frequency and spectral analysis 

(Al-Kalbani, 2009), including 'burst spectral pow er ratio' (BSPR), wavelet peak count 

(WPC) and measures of OMT signal complexity such as Perm utation entropy.

A novel peak counting m ethod was developed to overcome the drawbacks in the 

original PC method: noise and difficulty with non-stationary signals. Wavelet peak 

count (WPC) takes the same approach as peak count, but in the wavelet time-scale 

domain rather than the time domain, making the estimate less vulnerable to signal 

noise (Al-Kalbani, 2009). Despite the differences in technique, PC and WPC are highly 

correlated for OMT frequency peak estimation in both norm al control and abnormal 

OMT records (Al-Kalbani, 2009). Given the advantages of WPC, it may be expected to 

perform better than PC in OMT analysis in clinical studies.

Spectral power ratio (SPR) is based on the ratio of low frequency (LF) to high 

frequency (HF) content of the signal (Pomeranz et al., 1985). SPR is used in analysis of 

heart rate variability, where it has been shown that ratio of LF to HF activity reflects 

the balance of activity in the sympathetic and parasym pathetic nervous systems, 

which contribute differently to the high and low frequency bands. For OMT analysis, 

75 -  115Hz is defined as HF, corresponding to the frequency of bursts, and 20 -  75 Hz 

as LF. These frequency bands are defined based on observations of the dom inant 

frequency in bursts which are in the region of 75 -  115 Hz (Coakley, 1983a), and Al- 

Kalbani (2009) refers to this param eter as 'Burst Spectral Power Ratio' (BSPR).

Signal complexity analysis is another approach increasingly used in biomedical signal 

analysis, such as for EEG and heart-rate variability. Signal complexity reflects how 

random  or ordered and regular a given signal is, or how many patterns are present in 

the signal, with relatively few patterns implying low complexity. EEG signal 

complexity has been shown to be transiently reduced prior to absence seizures in rats 

(Li et al., 2007). 'Spectral entropy' is the term given to complexity in the frequency 

domain, and is one approach to quantifying the degree of order in a signal. Spectral 

entropy determines the extent to which the power spectrum of a signal is concentrated 

into a set narrow frequency range (Powell and Percival, 1979). Spectral entropy 

determined using a wavelet approach has been shown to be physiologically
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meaningful -  it can differentiate between EEC signals observed in different brain 

states (Rosso, 2007). Permutation entropy (Pe) (Bandt and Pompe, 2002) is a form of 

spectral entropy which has been successfully used in EEG analysis, its value reflecting 

the dominant frequency content: low Pe reflecting a dom inant low frequency content, 

and high Pe reflecting a dom inant high frequency content in the signal. Pe has 

potential advantages in OMT analysis as it can be used to analyse signals of short time 

duration, is computationally efficient, and sensitive to changes in dominant 

frequency. Pe analysis of OMT was not available at the time of this thesis, but could be 

examined in future studies.

The original (PC), adapted (WPC, WS, AR) and novel (BSPR and Pe) OMT analysis 

m ethods have been preliminarily investigated (Al-Kalbani, 2009) for performance in 

classifying OMT records as either 'norm al' or 'abnorm al'. Tliey were assessed in terms 

of sensitivity, specificity and accuracy on 60 OMT records of 15s duration (30 from 

controls, 30 from patients following acute stroke). PC, WPC, BSPR and Pe had greater 

than 85% accuracy in classifying OMT records as 'norm al' or 'abnormal'. PC had the 

highest classification accuracy at 93%. ARS had greater than 80% classification 

accuracy. WS had the lowest accuracy.

Pattern parameters

Changes in OMT pattern have been dem onstrated in patients with abnormalities of 

the pupil reflex (Abakumova et al., 1975a), and in patients with idiopathic Parkinson's 

disease (Bolger et al., 1999d). Six param eters of OMT pattern have previously been 

specified: num ber of bursts occurring per second (NBu), mean duration of bursts 

(MDBu), percentage of record occupied by baseline (PROBa), frequency content of 

bursts (FBu), mean duration of baseline (MDBa) and the frequency content of baseline 

(FBa) (Bolger, 1994b). However, these param eters have not been im plemented in 

clinical studies to date. Previously, these parameters were laborious to calculate, 

requiring experienced examiners to subjectively visually inspect OMT recordings to 

identify burst segments. Al-Kalbani developed an autom ated m ethod for burst 

identification which can identify bursts in the OMT record in normal subjects, and 

which shows good agreement with experienced examiners (Al-Kalbani, 2009).

Another potential improvement introduced by Al-Kalbani was the use of the AR 

spectrum for estimation of FBu and FBa rather than peak count as in previous studies
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(Bolger, 1994b). AR can provide better estimates of frequency within short data 

segments than peak count, and is therefore more useful for estimation of frequency 

param eters for the short burst segments. Figure 4.7 dem onstrates the 'burst' ARS peak 

frequency determ ined for a 'norm al' (Figure 4.7 A) and an 'abnorm al' (Figure 4.7 D) 

OMT trace.

There is considerable variation in 'burst' identification based on visual inspection of 

OMT recordings from healthy subjects (Al-Kalbani, 2009). Although 'burst' and 

'baseline' patterns overlap in terms of frequency (70 -  126 Hz for baseline, 75 -  115Hz 

for bursts), 'bursts' have distinctive characteristics in the joint time-frequency domain 

-  they are of higher amplitude than 'baseline' and have a near-sinusoidal shape 

(Abakumova et al., 1975b). Each burst exhibits a small spread in frequency content in 

the form of a sine wave am plitude-m odulated by a low frequency (approximately 

5Hz). These characteristics suggest the application of a joint time-frequency approach 

may be useful in automated burst identification. Al-Kalbani (2009) investigated the 

use of a Gabor time-varying filter to identify bursts in the joint time-frequency domain 

(Figure 4.8). The Gabor transform can be set at a discrete threshold to remove parts of 

the signal with lower power level, such as baseline and background noise.

Experienced observers show variability in burst counting from normal OMT records 

(mean 22.5, SD 2.18). Inexperienced observers (n=20 observers, counted bursts in 6 

records of Is  duration) showed twice as m uch variability in num ber of bursts 

identified - standard deviation was 21% of the mean (SD 4.32 with a mean of 21.5 

bursts identified in an OMT record of 3s duration).The variation was higher when 

abnormal records were used (SD 8.52). The autom ated m ethod performed better than 

the inexperienced observers and identified a mean of 24.3 bursts (SD 1.53) for the 

normal signals, and a mean of 19 bursts (SD 1.87) for abnormal signals. In terms of 

identifying which parts of the trace are 'burst' periods, agreement between the 

experienced examiners and the autom ated method was as good as inter-examiner 

agreement (agreement kappa values were: inter-examiner: 0.758 (89% agreement), 

examiners vs. autom ated method; 0.709 -  0.791 (86 -  91% agreement)). The agreement 

was best when the Gabor threshold was set at 0.9, but was relatively stable within the 

threshold range 0.89 -  0.915.
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MDBa, NBu, FBu and PROBa calculated using the autom ated burst identification 

method had 80 -  85% classification accuracy in classifying OMT records as 'norm al' or 

'abnorm al' (Al-Kalbani, 2009).
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Figure 4.8 Joint time-frequency spectrogram of a one-second recording of filtered 

OMT signal (microsaccades and low frequency artifacts filtered out using Wavelet), 

generated using the Gabor transform. The lower trace (C) shows OMT am plitude in 

the time domain. The middle trace (B) is the spectrogram -  the signal's spectral 

density in the time domain, the amplitude (or magnitude) of a particular frequency at 

a given time is represented by the intensity (or colour) of that point. The top trace (A) 

is the Gabor transform (threshold set at 0.9) of B, 'bursts' are clearly identified as high 

intensity areas in the trace. (Figure adapted from Al-Kalbani 2009)



Frequency (Hz)

Figure 4.7 Extracted burst frequency spectra; (A) burst AR spectrum (FBu 87.9Fiz) of 

Is 'normal' OMT record, (B) overall OMT AR spectrum (spectral peak 84.2Hz) and (C) 

overall OMT Welch spectrum (spectral peak 85.5Hz) of 15s OMT record from same 

subject; (D) burst AR spectrum (FBu 43.9Hz) of Is OMT record from a stroke patient, 

(E) overall OMT AR spectrum (spectral peak 54.9Hz) and (F) overall OMT WS 

spectrum (spectral peak 43.9Hz) of 15s OMT record from same stroke subject. 

(Adapted from Al-Kalbani 2009)



4.4 Summary of specifications of 'OMT PZT system'

• Mass: Headset 1.8kg, probe complex 14g +/-lg

• Pressure on ocular surface ~ 60 - ZOmmHg (vs unknown in Sheahan's system, 

variability due to operator)

• Part in contact with sclera: biocompatible silicone (4mm diameter circular end- 

plate, vs. Sheahan approximately 2mm)

• Piezoelectric element resonant frequency: 1070Hz

• ADC 24-bit (vs 12-bit bandpass filter Sheahan)

• Data sampling 2500 Hz

• Dynamic range: 24-bit depth ADC allows sufficient dynamic range to capture

required fixational eye movements (ADC at least 73dB to capture 25nm -  llOum)

(vs Sheahan's system: 25nm -  2500nm dynamic range)

• Frequency bandwidth 20 -  150Hz, frequency response curve almost flat, small 

peaks for individual probes, tolerance of <= 0.4dB magnitude. Frequency response 

within 2dB of peak value within system bandwidth.

• Linear amplitude response: 3.21mV/um mean gain, but relatively large standard 

deviation between measurements with different probes (0.95mV/um, i.e. 30% of 

the mean).

• Phase response relatively linear between 20 -  150Hz.

• Precision vs simulator

o Coefficient of variance (COV) of 4% for amplitude estimation over 10

trials on simulator (vs Sheahan 11% on plastic simulator, 25% on bovine 

simulator)

• In-vivo testing

o Mean COV of amplitude (RMS) = 8.5% in vivo

o Mean COV of frequency = 1% in vivo (vs. Sheahan 14% inexperienced

operator, 5% experienced operator)

• Other usability features:

o OMT signal from both eyes simultaneously to allow cross-comparison.

o Cross-talk between signals from two eyes below acceptable noise level of 

system.

o Portable for use at patient bedside.

o Safe for patient use, well tolerated by subjects.
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4.5 Chapter conclusions

This chapter provides a description of the OMT PZT system used to study OMT in 

this thesis. The methods, both novel and established for OMT param eter estimation 

are examined, and the technical specifications are pu t in context relative to the study 

of OMT in hum an subjects.

OMT PZT system design and im plem entation

The new OMT-PZT system incorporates a num ber of advances over the previous 

system. Some advances, such as the consistent gravity-dependent probe loading on 

the eye (previously loading was operator-dependent), may reduce variability in OMT 

measurem ent due to operator-related variability. However, this reduced variability 

may be offset by the implementation of new infection control guidelines, regarding 

possible transmission of prion disease (spongiform encephalopathies) via contact with 

the ocular surface. These guidelines recommend 'single-use' probe tips for ocular 

contact. The practicalities of manufacture of multiple sensor probes, and multiple 

disposable probe covering sheaths, on a small laboratory scale, result in variability 

between different sensor probes used for different subjects. The ocular-contacting 

material used in the new system is fully biocompatible, as recommended for devices 

in clinical use. The new system also has the advantage of an increased dynamic range, 

such that the system is capable of processing microsaccades.

The new OMT-PZT system headset, at 1.8kg, is heavier than Sheahan's system. This 

could lead to difficulties in acceptability of the device, due to the weight of the headset 

on the subject's face. During 'pre-testing' this was highlighted as an issue. The 

addition of extra padding to the system addressed this acceptability problem and to- 

date no subject has declined testing on the basis of headset weight. The relatively 

greater weight of the headset has the advantage of limiting translational head 

m ovements relative to the eye, which is a potential source of noise in eye movement 

recordings (Ditchbum, 1973).

There are two advantages to the new im plementation of positioning the OMT sensor 

probes relative to the eye. Firstly, the new system facilitates consistent probe 'loading'



(force of contact with the ocular surface) on the eye. Secondly, the probe is held 

against the eye in a gravity-dependent manner, and moves on a slider relative to the 

eye. By contrast Sheahan's system used a screw mechanism to adjust the surface 

contact, which the operator performed using auditory feedback, and which held the 

probe against the eye rigidly. There was a suggestion that operator variability was 

greater for inexperienced operators than experienced operators using Sheahan's 

system (Sheahan et al., 1994), in terms of intra-subject standard deviation of OMT 

peak frequency (11 Hz for an inexperienced operator, versus 4 Hz for experienced 

operator), although the study was not designed or powered to study operator 

variability. Variability in probe contact is one likely cause for this difference, 'fherefore 

the new system of consistent probe loading eliminates one potential source of 

variability in OMT recording. The relative mobility of the probe contact in the new 

system, compared to Sheahan's rigid contact, theoretically reduces risk of ocular 

injury due to sudden movement, although no such injuries were previously reported 

with Sheahan's system. This adaptation could make the probe more prone to slippage 

on the eye, increasing variability of eye movement recordings, although the two 

systems have not been compared in terms of slippage on the eye.

The new probes produce asymmetric scleral indentation. This indentation to some 

extent simulates sclera indentation during goniosynechialysis, a procedure performed 

clinically to treat synechial angle closure glaucoma (Takanashi et al., 2005). During 

this procedure the sclera is indented approximately 2mm from the limbus with either 

a forceps or a cotton bud, to visualize the anterior chamber angle, although very little 

force is applied, and the anterior chamber pressure is altered by the use of viscoelastic 

and due to comeal incisions made intraoperatively. Indentation with greater force 

using a cotton bud is performed during examination of the peripheral retina for 

breaks with indirect ophthalmoscopy. Indentation of the sclera causes a small 

w idening ('opening') of the anterior chamber angle. Experimentally, an applied force 

of 2.5N over a small area produces a 12.5 degree increase in the angle directly 

opposite the area of indentation (Amini 2009). Given the applied force from the OMT 

probe is 0.137N, the opening of the angle is likely a tiny fraction of 12.5 degrees, and 

unlikely to significantly alter intraocular pressure based on angle-opening alone.

The probes exert a relatively heavy force on the eye compared to other eye-movement 

devices such as the scleral coil (probe mass 14g vs. scleral coil 0.085g). This pressure of
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the probe on the eye has implications for eye movement dynamics (Bengi and 

Tliomas, 1968a). The stress exerted on the sclera by the probe was estimated at 

0.14MPa. This is approximately one-hundredth the scleral stress at which ocular 

rupture occurs according to in-vitro data, and it is well below the scleral 'yield point' 

according to published stress-strain curves for hum an sclera (Uchio et al., 1999).

During OMT recording with the current device, there is obvious deformation of the 

scleral surface macroscopically. Given the yield point is well out of range of the stress 

produced by the OMT probe, this deformation is temporary. Temporary scleral 

deformation impairs vision in the loaded condition via irregular distortion of the 

diaphragm  of the iris, and via tem porary wrinkling of the retina (Watson and Young, 

2004). However, since the scleral 'yield-point' is not exceeded, the deformation is 

temporary, and there are no lasting effects on a subject's vision. While the probe is 

resting on the eye the cornea is likely also deformed, although to a lesser extent than 

the sclera. Therefore another likely effect of the probe on the subject's vision during 

OMT measurement is comeal astigmatism induced by the pressure of the probe on the 

eye. The combined effects of induced astigmatism, distortion of the iris-lens 

diaphragm  and retinal wrinkling will produce blurring of the target, and limit the 

subject's ability to fixate a point target. The effect of the probes on visual acuity is 

examined in more detail in Chapter 11. Due to subjective visual blur during OMT 

measurem ent using this system, the protocol for OMT recordings in this doctoral 

work involved asking a subject to direct their gaze 'straight ahead' rather than at any 

point target, since a point target could not be reliably discerned.

Average estimates of scleral thickness in the area close to the limbus where the OMT 

probe is applied are in the region of 0.5mm in-vitro (Olsen et al., 1998). However, 

individual subjects contmonly exhibit variable areas of sclera thinning, recognizable 

by relatively darkened or 'blue sclera' where choroidal pigmentation is partially 

visible, and thickness in such areas may be in the region of 0.1mm or less in-vitro 

(Olsen et al., 1998). Such areas should be avoided when placing the OMT probe. In 

addition, in the very rare case of patients with abnormal collagen composition, such as 

scleromalacia, necrotizing scleritis, and osteogenesis imperfect, who have reduced 

ocular rigidity compared to norm al subjects (Kaiser-Kupfer et al., 1985), this OMT 

probe should be used with caution.
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A practical consideration relating to the probe tip is its relatively large diameter 

(4mm), compared to Sheahan's probe (approximately 2mm diameter), which makes it 

more difficult to position on the ocular surface without contacting the eyelids. This is 

relevant in subjects with diverging squints, or direction of gaze in a lateral direction, 

as there is limited space to fit the 4mm probe tip onto the sclera without touching the 

eyelids. The contacting nature of the device also precludes its use while the subject is 

moving the eye, since damage to the cornea could result from movement of the probe 

over the corneal surface. Therefore studies involving following a moving target, 

reading etc cannot be perform ed using this device.

Another advance in the new system is the use of disposable biocompatible silicone 

sheaths. Biocompatible material reduces the risk of a foreign-body reaction when the 

sensor tip comes in contact with the ocular surface (Williams, 2008), while disposable 

tips avoid any theoretical risk of transmission of infective agents between subjects. 

This introduces a small additional cost in terms of materials and labour costs, but they 

fulfil current requirements for equipment coming into contact with the ocular surface 

being disposable. Tliese disposable probe tips are a potential source of variability in 

eye movement recordings, as slight discrepancies between the surfaces of different 

sheaths could alter the interaction with the ocular surface. The disposable silicone tips 

are also manufactured on a small laboratory scale, and slight discrepancies in their 

shape and surface will result in differing interactions with the ocular surface, and 

possibly differing degrees of slippage. Since there is no 'gold standard' against wWch 

this slippage can be m easured in-vivo, this variability cannot be quantified. However, 

it may contribute to variability in OMT recordings.
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OMT recording using the new  OMT-PZT system

The new system is complemented by custom-designed OMT analysis software, which 

allows estimation of both established and novel OMT parameters. The established 

parameters OMT frequency peak count and, to a lesser extent, autoregressive (linear 

predictive) spectral frequency peak, have dem onstrated validity in terms of diagnostic 

and prognostic utility (see work such as (Coakley and Thomas, 1977a) and (Sheahan, 

1992a, Bolger et al., 2000)). New signal processing techniques are included in the 

current OMT analysis software (Al-Kalbani, 2009) which may identify subtleties in the 

OMT signal, with potential utility as indicators of neurologic dysfunction.

The dynamic range of the new system (25nm -  110,000nm) is much greater than 

Sheahan's system (dynamic range 25nm -  2500nm). This facilitates recording without 

'pre-filtering' the signal, and the recording of larger fixational eye movem ents such as 

microsaccades without distorting the eye movement trace. The recording of such 

larger eye movements allows comparison of the OMT-PZT system recordings with 

other eye-movement recording devices which can record larger movements, such as 

Eyelink II. The greater dynam ic range also facilitates novel digital signal processing 

for OMT analysis, including the Wavelet technique for autom ated identification of 

'bursts' in the recordings.

The probes show little variability in frequency and phase response based on simulator 

studies (Al-Kalbani 2009). This variability is so small as to be unim portant in clinical 

studies. Tlie variability in frequency estimation compared favourably to that reported 

by Sheahan (Sheahan et al., 1994) for both inexperienced and experienced operators 

using the previous OMT system (14% variation and 5% variation in frequency 

estimation respectively). However, the two reports are not directly comparable as 

Sheahan used a slightly different m ethod for frequency estimation.

Although am plitude estimation using the current system is reliable for individual 

probes (COV of 4%, Al-Kalbani 2009) and compares favourably to Sheahan's system 

(11%, Sheahan 1993), a num ber of factors preclude accurate or reliable estimation of 

OMT am plitude using the current system. These factors are inter-probe variability in 

am plitude response, slippage of the probe on the ocular surface, and dam ping of OMT 

amplitude by the probe itself. There is relatively large variation between individual
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probes in  term s of am plitude  response to a sim ulated  signal; the stan d ard  deviation 

w as 30% of the m ean. This in ter-probe variability m eans each probe (w ith disposable 

sheath attached) w ou ld  require ind iv idual calibration w ith  a sim ulated signal p rio r to 

use. Secondly, the slippage of the probe on the ocular surface in-vivo is unknow n. But 

the slippage in-vivo is unknow n, and  potentially  significantly greater. Sheahan (1993) 

approx im ated  in-vivo conditions using  a sim ulator covered w ith  bovine sclera, and  

the COV of am plitude  estim ation increased from  11% to 25%. Thirdly, a lthough  the 

estim ated dam ping  effect of the probe on the sim ulato r (0.2% reduction in relative 

OMT am plitude, Al-Kalbani 2009) is negligible, the dam ping  in-vivo is unknow n. For 

these reasons OM T am plitude  param eters are no t exam ined in this thesis.

The novel 'W avelet' denoising technique is m ore efficient than  prev ious m ethods 

( 'cu ttm g ', m ultireso lu tion  and adaptive thresholding), for denoising sim ulated  noisy 

eye m ovem ent signals (Al-Kalbani 2009). The 'W avelet' m ethod  dem onstrated  the best 

perform ance of five m ethods tested for m icrosaccade rem oval, in term s of time 

dom ain, jo in t tim e-frequency, band  pow er and  clinical param eter estim ation. This 

investigation w as lim ited by the natu re  of the sim ulation  testing -  sim ulated  eye 

m ovem ent signals w ith  know n com ponents w ere used, ra ther than  'rea l' eye 

m ovem ent recordings. The 'W avelet' perform s b etter for 'no rm al' signals than for 

'abnorm al' signals, in  term s of signal-to-noise ratio, cross-correlation betw een the 

noisy and denoised signals. Of note for clinical stud ies w here OM T param eters are 

estim ated from  'W avelet' denoised signals. Tlie reliability of pow er in  the spectral 

peak is suspect for abnorm al than  norm al test signals (absolute m ean difference 6.9Hz 

for abnorm al signals). Tlie 'W avelet' transform  function  w as chosen based on 

characteristics of the 'normal' OMT signal; therefore it is no t su rp rising  that it perform s 

better u n d e r for 'n o rm al' than  for 'abnorm al' signals. H ow ever, for peak count and  the 

autoregressive spectral peak there w as little difference betw een original and  denoised 

signals for both  norm al and abnorm al signals (m ean absolute difference 1.2 and  1.9Hz 

for peak count, and  0.8 and 1.6Hz for ARS peak). Therefore, the perform ance in 

'ab n o rm al' cases, w hile suspect for spectral pow er, is acceptable for peak count and 

ARS peak. The m ain advan tage of this new  m ethod  is the preservation  of tim e-series 

characteristics (Al-Kalbani 2009), allow ing investigation of param eters related to time 

series (such as burst an d  baseline param eters and  jo in t tim e-frequency estim ates) in 

fu tu re  stud ies of OMT.

93



OMT signal analysis techniques

Tremor signals can be defined in terms of many characteristics, such as time, 

frequency, time-scale, higher-order spectral dom ain and entropy. Non-stationary 

signals are not well summarized by estimates of peak frequency, since peak frequency 

is insensitive to differing frequencies which are prom inent at different times during a 

recording.

WPC and ARS peak are the two m ethods used for peak frequency analysis in the 

doctoral w ork in this thesis. Spectral analysis techniques such as 'peak count' (PC) and 

the 'Autoregressive spectral peak' (ARS peak), have established validity through their 

use in cHnical studies (Bolger et al., 1999b, Bolger et al., 2001, Bolger et al., 1999d, 

Bolger et al., 2000). These methods assume signal stationary, an assum ption which is 

violated, particularly in the case of 'abnorm al' OMT signals. Therefore, PC and ARS 

peak should be used with caution for 'abnorm al' OMT record analysis. FFT analysis 

shows greater variability than PC and ARS peak m ethods for both normal and 

abnormal signals. In addition the WS spectral peak (a form of FFT), had the lowest 

accuracy of five analysis methods in classifying 'norm al' versus 'abnorm al records 

(Al-Kalbani, 2009), therefore WS (FFT) is not used for OMT analysis in this doctoral 

work. The established PC method is particularly sensitive to noise: low or high 

frequency noise results in falsely low or high frequency estimation respectively. 

Wavelet peak count (WPC), a novel method of PC calculation, is less vulnerable to 

signal noise (Al-Kalbani, 2009), and overcomes problems due to non-stationarity seen 

with PC. Therefore, WPC is used, and ARS peak, with the proviso that they should be 

used with caution in abnormal OMT records.

One novel signal analysis techniques are also im plemented in this thesis: 'Burst 

Spectral Power Ratio' (BSPR), which is the ratio of low frequency to high frequency 

content in the signal (Al-Kalbani, 2009, Pomeranz et al., 1985). The frequency bands 

were defined by Al-Kalbani (2009) as 20 -  75 Hz and 7 5 -1 1 5  Hz, based on 'burst' 

frequency which is reported as 75 -  115 Hz (Coakley, 1983). Of note, the frequency of 

'baseline' (range 70 -1 2 6  Hz (Bolger et al., 1992)) overlaps with the high frequency 

band defined here, so the ratio m ight be more accurately referred to as simply 'OMT 

Spectral Power Ratio', and indicates ratio of low to liigh frequency, rather than burst 

versus non-burst (baseline) content in the records. Al-Kalbani's term 'BSPR' is used in
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this work to avoid confusion. Also, unlike heart-rate variability analysis, a 

physiological basis for the HF and LF bands in OMT signals is not yet clear, and this 

param eter requires validation. BSPR also had greater than 85% classification accuracy 

in classifying OMT records as 'norm al' or 'abnorm al' (Al-Kalbani, 2009).

Regularity of a signal, the predictability of the signal's dme series, can also be 

quantified by 'approximate entropy' (Vaillancourt and Newell, 2000). Changes in 

m otor control may produce changes in regularity of the signal, so this measure may be 

useful in investigating the influence of disease on tremor. Signal complexity reflects 

how random  or ordered and regular a given signal is, or how m any patterns are 

present in the signal, with relatively few patterns implying low complexity. Spectral 

entropy determines the extent to which the pow er spectrum of a signal is concentrated 

into a set narrow frequency range (Powell and Percival, 1979). Permutation entropy 

(Pe) (Bandt and Pompe, 2002) is a form of spectral entropy which has been 

successfully used in EEG analysis, its value reflecting the dom inant frequency content: 

low Pe reflecting a dom inant low frequency content, and high Pe reflecting a 

dominant high frequency content in the signal. Pe has potential advantages in OMT 

analysis as it can be used to analyse signals of short time duration, is computationally 

efficient, and sensitive to changes in dom inant frequency. A preliminary investigation 

of Pe analysis of OMT records found Pe had greater than 85% accuracy in classifying 

OMT records as 'norm al' or 'abnorm al'. However, due to difficulties in computation, 

Pe analysis of OMT was not available at the time of this thesis, but is an interesting 

approach which could be examined in future studies.

A num ber of advances have been made in 'burst' identification in OMT records which 

can now be applied to OMT studies. Firstly, an autom ated joint time-frequency 

(Gabor) filter for burst identification is now available which shows good agreem ent 

with experienced examiners (Al-Kalbani, 2009). Secondly, the ARS method, which 

provides better estimates of frequency within short data segments, is used rather than 

PC to estimate frequencies within burst and baseline segments. The autom ated 

method is the basis for a reproducible m ethod of examining burst param eters in 

clinical studies, but further investigation is required to optimize the m ethod's 

performance in practice. Potential pitfalls include distortion due to transiently high 

Gabor coefficients -  the Gabor time-frequency plot should be checked for such 

distortion prior to analysis. Further refinement of threshold selection is warranted
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however, in particular an adaptive threshold which takes OMT am plitude and 

spectral pow er properties into account would be useful. Further investigation of the 

performance of the method in the analysis of abnormal signals is required prior to its 

im plem entation in clinical studies.

A prelim inary investigation by Al-Kalbani (2009) found high classification accuracy 

(classifying OMT records as 'norm al' or 'abnorm al') for MDBa, NBu, FBu and PROBa 

calculated using the automated burst identification method. MDBu and FBa had lower 

classification accuracy

TTie param eters WS, ARS, FBu, FBa and BSPR are relatively sensitive to amplitude 

changes, while PC, WPC and Pe are relatively less sensitive (Al-Kalbani, 2009). Large 

am plitude noise (such as saccadic intrusions and other artefacts) may affect these 

sensitive parameters, and they may be less reliable for uncooperative subjects where 

large am plitude noise occurs.

In summary, of the currently implemented OMT frequency and pattern parameters, 

WPC, ARS, SPR, MDBa, NBu, FBu and PROBa performed best in differentiating 

'norm al' from 'abnorm al' OMT records, and were chosen as potential parameters in 

OMT studies in this thesis. WS, PSD, MDBu and FBa had lower classification accuracy 

and are therefore not studied further. Pe was not available for OMT analysis in this 

doctoral work.
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Chapter 5

Ocular microtremor: towards a practical experimental 

methodology

5.1 Introduction

The chapter details the preliminary work done to bring the new OMT-PZT 

measurement system into clinical use. The disinfection protocol devised for safe usage 

of the device in hum an subjects is described. An investigation of the contribution of 

noise and interference to OMT recordings is presented. 'Pre-testing' of the system, as 

recommended for new experimental devices was performed prior to clinical use.

The chapter concludes with a description of the 'generalised discovery protocol' for 

investigation of OMT used in this doctoral work. This protocol was developed taking 

into consideration the following factors: the technical specifications of the new  OMT- 

PZT system, the safety considerations discussed, the pilot study regarding noise in the 

signal and the disinfection requirements for devices contacting the ocular surface. It 

details the practical experimental protocol followed to produce the estimates of OMT 

frequency param eters presented in the remainder of the thesis.
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5.2 New disinfection protocol for use of 'OMT PZT system' 

in human subjects

The disinfection protocol devised for safe usage of the device in hum an subjects is 

described. The protocol was developed based on theoretical risk of transmission of 

infectious material between subjects, with reference to published guidelines pertinent 

to the use of devices which contact the ocular surface. The protocol was developed in 

consultation with the 'Sterivigilance and infection control committee' of St James's 

Hospital, and was approved for use in hum an subjects by that committee, and by the 

hospital ethics committee.

5.2.1 Devices contacting the ocular surface -  requirement for 

disposable contacting surface

Studies on applanation tonometry, where a tonom eter tip is brought into contact with 

the eye (Amin et al., 2003) have found that tonometer tips can potentially carry 

proteinaceous material (possibly as much as tens of micrograms) from one eye to 

another. Thus prion diseases could potentially be transm itted in this manner. 

However, recent reports detected no PrP(Sc) in the anterior segment (cornea, lens, 

aqueous humor, iris) of the eyes of patients with CJD (both sporadic and variant) 

(W adsworth et al., 2001). The risk of transm itting prions from one patient to another 

by the re-use of ophthalmic devices that come into contact with the eye is thus remote 

and theoretical, as advised by the Spongiform Encephalopathy Advisory Committee 

(SEAC) ((SEAC), 1998). Despite this minimal risk, the College of Optometrists and the 

Association of British Dispensing Opticians have published guidelines to restrict 

ophthalm ic devices to single-patient use wherever practicable (The College of 

Optometrists, 2005). Our OMT silicone probe-covering sheath is disposed of after use 

on a single subject.
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5.2.2 Devices contacting the ocular surface -  requirement for 'high- 

level disinfection'

In the measurem ent of OMT only the silicone sheath touches a subject's conjunctiva. 

Items that come in contact with, but do not penetrate, mucous membranes (such as the 

conjunctiva) constitute "medium  risk/semi-critical items" (Rutala, 1996)). Semi-critical 

items require high-level disinfection (Rutala, 1996). High-level disinfection kills all 

organisms (including vegetative bacteria, tuberculosis, yeasts and viruses) except 

some bacterial endospores (CDC, 2002)). The CDC recommends items that contact the 

eye be cleaned with soap and water, followed by a five-minute soak in disinfecting 

solution. The following are CDC guidelines for disinfection of ophthalmic devices 

used on multiple subjects, taken from an information statement from the American 

Academy of Ophthalmology (American Academy of Ophthalmology, 2002):

"Place the [probe] in a suitable receptacle that allows the applanating 

[contacting] surface and adjacent 2-3mm of the tonometer [device] to be 

immersed in [high-level disinfectant, for example] a 1:10 dilution of 

household bleach (sodium hypochlorite). One method uses a Petri dish with 

small holes drilled in the lid, which allows just the [probe] tip to be partially 

immersed in the solution. After a five-minute period of soaking, the tip 

should be washed under running water and dried before use. These 

disinfecting solutions should be changed at least once daily."

This procedure is proven to inactivate infectious HIV, herpes simplex virus, and 

adenovirus (CDC, 1985). The disinfecting agent proposed for use here, instead of 

sodium hypochlorite, which is potentially harmful to the eye if not adequately rinsed, 

is a m ultipurpose disinfecting contact lens solution (Opti-Free® EXPRESS®), with 

active (Tetronic 1304 surfactant) and passive (citrate and AMP-95) cleaning agents as 

well as disinfectants (Polyquad® (Polidronium chloride) 0.001% and Aldox® 

(Myristamidopropyl dimethylamine) 0.0005%). The anti-microbial system in this 

solution is composed of 2 biocides: 0.001% polyquaternium-1 (predominantly 

antibacterial (Codling et al., 2003) and 0.0005% m yristam idopropyl diethylamine 

(broader activity, highly active against fungi and amoeba (Codling et al., 2003). This
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solution passes the FDA stand-alone criteria and can disinfect test organism s (bacteria, 

fungi and  acantham oeba) adequately  in soaking-only (no-rub) tests.

A fu rther safety feature is that the com plete probe is heated  p rio r to disinfection to 

70degrees for 20 m inutes in an oven to perm it bond ing  of the silicone. This in itself 

p rovides a level of disinfection.

Disinfection using contact lens solution 'Opti-Free EXPRESS'

The ISO 14729 standard  (ISO 14729) for testing the efficacy of contact lens 

d isinfectants requires that m icrobial load be reduced to an average of no m ore than 10 

surv ivors p er lens/disinfecting solution com bination, or greater than  or equal to a 3 

log (for bacteria) and 1 log (for fungi) reduction  w ith in  the m anufactu rer's  

recom m ended disinfection time. Rubbing and  rinsing (for 5 seconds) even w ithou t 

disinfection rem oves about 50,000 organism s (including bacteria, fungi and 

acantham oeba) from  a contact lens (H oulsby et al., 1984, Rosenthal et al., 2004). W hen 

rubbing and  rinsing are used in com bination w ith  a disinfecting solu tion  such as O pti- 

Free EXPRESS® (soak for 6 hours), there are essentially no survivors (<10survivors 

from  an inocu lum  of approx. 1.0 x 10^'7 to 1.0 x 10^8 colony form ing units (CFU)/ml of 

5 challenge organism s (Staphylococcus aureus, Pseudomonas aeruginosa, Serratia 

marcescens, Candida albicans and Fusarium solani), suspended  in organic soil to mimic 

deposits on the lenses) (Rosenthal et al., 2004).

Soaking in O pti-Free EXPRESS® alone (w ithout rubbing  or rinsing) also m eets ISO 

14729 stan d ard  criteria. Opti-Free EXPRESS® alone can also rem ove Acanthamoeba 

trophozoites and  cysts (>3 log decrease in trophozoites, and  0.18 (Beattie et al., 2003) to 

2.8 (Borazjani and Kilvington, 2005) log decrease in cysts at 6 hours), w ithou t rubbing 

or rinsing (rubbing rem oves Acanthamoeba). Of note there is no guideline for 

Acanthamoeba species in  ISO 14729; the ISO considers reduction  of bacteria to be an 

adequate  m easure for p reven tion  of Acanthamoeba contam ination and  m ultip lication 

as this rem oves the food source of the amoeba.

D isinfected item s shou ld  be stored d ry  and  repeat disinfection should  be routinely 

perform ed at one-m onth  in tervals to preven t re-grow th  of organism s (Snuth and  

Pepose, 1999). O u r probes are disinfected in a 'just-in-tim e' m anner p rio r to use and  as 

such w ill no t be stored  after disinfection.
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5.2.3 A dditional safety considerations in the use of Opti-Free® Express (adapted 

from Guidelines from the College of Optometrists (The College of Optometrists, 2001))

Opti-Free® EXPRESS® is designed for comfortable use with contact lenses, even for 

sensitive eyes and is also designed to be applied directly to the eye in the case of eye 

irritation with contact lens wear. However, in case of adverse reaction to the solution, 

the following procedure should be adopted: The affected eye should be irrigated 

immediately with copious sterile normal saline. The patient should then be 

transferred to the accident and emergency departm ent of an eye hospital for the 

examination including: The ocular surface should be checked for epithelial damage. 

Tlie anterior segment should be examined for inflammation. The intraocular pressure 

should be checked. Any adverse incident should be recorded on a Risk Occurrence 

Form.

The solution (Opti-Free® EXPRESS®) will be stored appropriately in the laboratory, 

with due consideration given to safety, access and handling.

5.2.4 Conclusions

The protocol for safe use of the contacting OMT-PZT device developed here includes 

two im portant considerations: that the contacting surface is disposable, and that it is 

subject to high-level disinfection prior to use in hum an subjects. This affords a high 

level of confidence that the device is safe to use in terms of potential risk of 

transmission of infection.

Research conducted in St. James's Hospital during the 1990's, prior to the publication

of guidelines discussed in 5.2.2, involved a similar eye-contacting probe to study OMT

in over 200 patients (Bolger et al., 1999b, Bolger et a l, 2001). The disinfection

procedure undertaken at that time was to soak the probe tip in sodium  hypochlorite

500 p.p.m. for 10 minutes prior to being used again (Bolger et al., 1999b). l l iis  was

based on recommendations in use at the time (Nagington et al., 1983). No adverse

events were reported over the duration of these studies.
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Since that time, the theoretical risk of transmission of prion material from one eye to 

another has been raised (Amin et al., 2003), and current guidelines recommend single

patient use for devices contacting the ocular surface (The College of Optometrists, 

2005). Therefore the current OMT-PZT device uses a disposable sheath tip.

The disinfection process undertaken for the OMT-PZT system is more rigorous than 

that in use for some ocular surface contacting devices in clinical practice. Despite the 

recommendations discussed in section 5.2.2, eye hospitals continue in some cases to 

re-use equipm ent between patients, using Cidex OPA and sodium hypochlorite 0.1% 

(1,000 p.p.m. available chlorine, soak for 5 minutes). Therefore disposable sheaths 

used in the current OMT-PZT device are theoretically safer than current practice in 

these institutions.

The second consideration is that 'high-level disinfection' is recommended for items 

contacting a mucous membrane such as the ocular surface (Rutala, 1996). 'High-level 

disinfection' kills all organisms with very few exceptions (e.g. some bacterial 

endospores (CDC, 2002)). The OMT-PZT system probes are subject to 'high-level 

disinfection' by cleaning with soap and water, followed by a five-minute soak in 

disinfecting solution.

High-level D isinfection Procedure for OMT probe sensors

Perform hand hygiene, put on gloves and apron. Fill clean receptacle with dilute 

solution of Endozyme detergent (17mls to 41itres of tap water, as per manufacturer's 

instructions). Immerse silicone sheaths (up to 20) in detergent solution. Rub silicone 

sheaths with soft cloth in detergent solution for 3-5 minutes to remove all visible 

soiling. Dry sheaths on sterile gauze. Fix sheaths to probe jack with small am ount of 

fresh silicone glue at base of sheath. Place probes in oven (oven maintained at 6- 

monthly intervals by technical services department). Heat in oven at 70 degrees 

Celcius for 20 minutes to allow the fresh silicone glue to set. Place the complete probe 

in a sterile storage jar, allowing the contacting surface and the adjacent 2 - 3  mm, to be 

immersed in fresh Opti-Free EXPRESS disinfecting solution. Soak for at least 6 hours 

in disinfecting solution, (as per Opti-Free EXPRESS m anufacturer's instructions).
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If probes are for immediate use; using examination gloves, handle probe by the n on

contacting end (stereo jack) and remove from disinfecting solution. Fix complete 

probe to OMT measurem ent device, by handling the non-contacting end with gloves. 

No object or person must touch the contacting end prior to application to the surface 

to a patient's eye. .Dispose of disinfecting solution in sink, dispose of other equipm ent 

as per hospital guidelines.

If probes are for storage: Probe may be stored for up  to one month in the disinfecting 

solution, as per m anufacturer's guidelines. If stored for longer than a period of one 

month (storage jars labelled with disinfecting processing date), then the high level 

disinfection procedure m ust be repeated as above, prior to use.

After single use on an individual, remove the disposable silicone covering from the 

probe tip using a knife to cut the glued area. The probe is ready for next use with a 

new silicon tip, after verifying the non-disposable stereo-jack part is fit for 

reprocessing (i.e. not dam aged by knife, leading to a rough surface for microbiological 

organisms to adhere to).
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5.3 Tre-testing' of OMT-PZT system

'Pre-testing' studies were conducted on five healthy volunteers, following informed 

consent, to examine the feasibility and acceptability of the procedure. At this stage the 

protocol was am ended based on subject feedback on the acceptability of the device: 

extra padding was added to the headset and a gel headrest was used for subject 

comfort. A reproducible method of taping the eyelids was also devised to allow 

adequate space on the ocular surface for probe contact. Following these modifications 

the newly developed OMT recording procedure was found to be safe, feasible and 

acceptable for subject and patient use. An average complete recording session, 

including setup time, took 10 minutes. The technique was found to require minimal 

subject cooperation.

Pretesting continued until the operator (the author) was considered competent in 

performing the test consistently (using a graphical representation of variance in 

measurements over several weeks of pretesting). Once estimates of OMT frequency 

were recorded successfully, on three successive occasions in all five subjects, with an 

acceptable amount of variance (repeated estimates within lOHz of each other), the 

operator was considered competent to perform the test consistently such that the pilot 

study could proceed.

104



5.4 Investigation of System Noise: Sources of Noise in 

OMT Spectra obtained using the Piezoelectric Strain-gauge 

Technique

5.4.1 Introduction

There are num erous potential sources of noise in measurement signals. 'Noise' is an 

undesired random  disturbance of a signal, it masks the signal being measured, and is 

not highly correlated with the signal. In general, measurement systems aim to 

maximize the signal to noise ratio (SNR) by either minimizing the noise components, 

maximizing the wanted signal, or both. Noise sources may be classified as internal (to 

the measuring device) and external (but coupled to the device in some way). In brief, 

potential sources of noise in OMT measurem ent include: electrical interference which 

can be "picked up" by the PZT sensor, in the headset electric cabling, in the input 

stages of the m easuring device and the amplifier, sampling noise during digitization 

of the signal by the ADC. The OMT PZT signal is more secure after digitization, bu t is 

still subject to 'noise' due to rounding errors in calculations and other errors. The two 

main interference sources for most measurem ent systems are 50/60 Hz electrical mains 

interference and radio frequency interference. Additional noise sources in OMT 

recordings using the OMT-PZT system include resonance of the examination couch, 

the subject's head movement, and other subject noise transmitted to the probes such 

as talking, breathing and cardioballistic vibrations.

The frequency and am plitude responses of the PZT probes used in the device have 

been characterized, as discussed in section 4.2 above. However, the noise components 

in signals recorded in practice using the current OMT PZT device on hum an subjects 

in the laboratory, and their relative contribution to the OMT spectrum, have not been 

investigated. In addition, clinical recordings will be m ade at the bedside in busy 

hospital wards, where electrical noise is likely to be greater than in the controlled 

laboratory environment, which could contribute considerable noise to signals with 

unknown effects on recorded OMT signals. In order to interpret OMT spectra, and to
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investigate spectral param eters of OMT as potentially useful clinical markers, it is 

necessary to determine whether noise components contribute significantly to the 

observed spectral parameters.

A study of the effects of various noise components and other potential artifacts on 

OMT spectra was conducted. An initial exploratory pilot, examining six different 

experimental conditions, on a single subject on one day was conducted. The noise 

components contributed by different elements of the testing environment were then 

investigated by recording 'noise' using the OMT PZT device under five consecutive 

conditions of increasing potential 'noise'. This permitted analysis of the effect of 

different aspects of the experimental procedure on noise in signals.

5.4.2 Aim

The aim of this study was to explore the effects of potential sources of noise on OMT 

spectra acquired using the piezoelectric strain-gauge device.

5.4.3 M ethods

Apparatus

The OMT PZT measurement system was used, as previously described. In brief, 

movement or vibrations are sensed via the piezoelectric bimorph. The signal is then 

amplified by an instrum entation amplifier with high input impedance. Tlie signal is 

digitized using a 24bit ADC with low noise, resulting in high signal resolution. Of 

note the measurement system has an inherent high pass characteristic, with a low 

frequency cut-off of approximately 5Hz due to the characteristics of the piezoelectric 

bim orph response. The resolution of the piezoelectric sensors is in the region of 2nm. 

The sampling rate of the recordings obtained with this system is 2500Hz, giving a data 

point for every 0.0004seconds, and these points are written to a text file.
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Recordings

Recordings were made using the piezoelectric strain-gauge OMT recording apparatus 

within one 30 minute session in the laboratory on a single afternoon. For the pilot 

investigation the subject was a 27 year old healthy male. The recordings were m ade as 

per previous descriptions of the OMT PZT measurement system. Experimental 

conditions were added incrementally to simulate recording of OMT in a hum an 

subject in the laboratory, beginning with the probes attached to the headset resting on 

the examining couch w ithout a subject. Each recording was of 15 seconds duration, 

from the right-sided probe, with a sampling rate of 2500Hz.

The six recording conditions were;

1. 'ON BED' 15second recording from OMT probe m ounted in headset resting on 

testing couchA^ed in quiet laboratory test room (i.e. no subject).

2. 'ON HEADREST' As for condition 1, but with headset resting on top of gel 

headrest used during OMT experiments.

3. 'MOUNTED HEAD' Headset m ounted on subject; 15second recording from OMT 

probe m ounted in headset, on subject's head. Probe is suspended about 2 cm 

above the subject’s open eye. Subject is lying supine, is quiet and not moving, 

with head resting on gel headrest.

4. 'OFF. EYE CONTACT' As for condition 3, but while recording probe is 

suspended above the corresponding eye (which is now closed and patched), the 

opposite probe is in contact with the scleral surface.

5. 'UNCOOFERATIVE' As for condition 3, but subject is moving and talking and 

touching the headset. This approximates an 'uncooperative subject'.

6. 'BOTH EYE CONTACT' Both probes are in contact with the eyes, quiet subject 

lying still.

Following the pilot study, recordings were made in 10 healthy volunteer subjects 

under five conditions (all except 'OFF. EYE CONTACT' which was excluded due to 

difficulty with the experimental procedure in practice, and because this did not 

provide additional information on noise in the system).

Data analysis
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Data analysis was performed offline. The pilot 'noise' study was analysed by 

im porting the unprocessed text files into Matlab® version 6.5 (student version). The 

larger 'noise' study on 10 subjects was analysed using signal processing software for 

OMT in LabView as described in Chapter 4.2.

5.4.4 Results

Pilot noise investigation -  6 conditions

The results of the pilot study are presented in Figures 5.1 to 5.4, dem onstrating the 

FFT spectra (using a 512 point FFT pow er spectrum) derived from each of the six 

experimental conditions. Spectral pow er is minute for initial conditions. Figure 5.1 

shows spectra related to signal noise from tiny vibrations due to artifacts such as 

headset resonance. Figure 5.2 shows noise spectra including head movement artifacts. 

Figure 5.3 demonstrates the relatively m uch larger pow er spectra obtained during 

contact with the eye.

In Condition 1 'ON BED' (blue line in Figure 5.1), there is a peak at lOOHz. In 

Condition 2 'ON HEADREST', (red line in Figure 5.1) this lOOHz peak is abolished, 

suggesting the headrest provides a level of dam ping of noise distortion. Condition 3 

'MOUNTED HEAD' (green line in Figure 5.1) produces a spectrum with a greater 

num ber of visible peaks at this am plitude range, and notably more activity in the low 

frequency range. However all these artifacts are tiny, with peak spectral pow er of 

these components in the range 0.5x10'^ (in uncalibrated units of power). This noise 

may be due to the second harmonic of 50Hz noise. This is one of the most common 

types of noise pickup, and is inductively or capacitively coupled from mains or line 

operated machinery and power lines associated w ith them. The line frequency is 50 

Hz in Ireland, and the induced noise therefore has a fundam ental at 50Hz but may 

also be rich in harmonics.

A low frequency peak at between 5-15Hz, produced by the headset m ounted on the 

head, is seen in figure 5.3 (condition 3 'MOUNTED HEAD', green line). A
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corresponding low frequency peak is seen in the spectrum  produced from the left 

probe signal (Figure 5 .2, condition 4 'OPP.EYE CONTACT', cyan line), w hen the 

opposite probe is in contact w ith the sclera of the contralateral eye. The high 

frequency peak (cyan), betw een 90-1 OOHz, corresponds w ith the peak in the OMT 

spectrum  which w as recorded sim ultaneously from the right eye (spectrum  not 

shown). The only difference in recording conditions betw een the recordings of the 

green and cyan spectra (i.e. 'M OUNTED HEAD' and 'OPP.EYE CONTACT') is that 

for the green spectrum  the right probe w as also suspended above the right eye, while 

in the cyan spectrum  the right probe w as then in contact w ith the right eye. This 

suggests the source of the high frequency peak in the spectrum  for 'OPP. EYE 

CONTACT' (cyan line) is some form of resonance or 'cross-talk ' from the other probe 

which w as in contact w ith the opposite eye.

The high frequency peak of the OMT recording ('BOTH EYE CONTACT', condition 6, 

black line Figure 5.3) is a clear peak at approxim ately 90Hz. Below 80Hz, the pow er 

increases progressively and notably there is more pow er at 60Hz than at 80Hz. In 

Figure 5.3 it is evident that w hile head m ovem ent (condition 5 'UNCOOPERATIVE', 

m agenta line) may contribute in a m inor way to the OMT high frequency peak, the 

o ther possible sources of artifact (headset resonance, vibration of exam ination couch) 

are relatively flat at this range of am plitude, and are indistinguishable from  a zero 

flatline in Figure 5.3.
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Figure 5.1 Processed power spectra for experimental conditions 1 ('ON BED', navy 

blue line), 2 ('ON HEADREST', red line) and 3 ('MOUNTED HEAD', green line). 

Their spectral power is minute relative to those for conditions 4, 5 and 6.
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Figure 5.2 Power spectra comparing conditions 3 ('MOUNTED HEAD' green line), 
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'ON HEADREST' (barely seen) and 3 'MOUNTED HEAD' are relatively flat by 

comparison.
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Figure 5.3 Relative power spectra for conditions 5 'UNCOOPERATIVE' and 6 'BOTH 

EYES CONTACT'. The high frequency peak of the OMT recording (condition 6 

'BOTH EYES CONTACT', black line) is a clear peak at approximately 90Hz. Below 

80Hz, the power increases progressively and notably there is more power at 60Hz 

than at 80Hz.
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Noise investigation in 10 subjects -  5 conditions

The estimates for spectral param eters for the noise recordings in 10 subjects under five 

conditions are summarized in Table 5.1. Again the noise dam ping due to the use of 

the gel headrest -  mean spectral pow er decreased from -46.7dB to -56.1dB 

(approximately lOdB or a factor of 10 lower) when the gel headrest was used. Noise 

increases by 14dB (a factor of about 30) when the headset is on the subjects' head 

('MOUNTED HEAD') com pared to noise from the headset resting on the gel headrest 

('ON HEADREST'), and the noise increases again by a factor of 20 when the subject 

moves and speaks, simulating an uncooperative patient ('UNCOOPERATIVE'). 'iTie 

spectral frequency peaks for all these noise conditions (1: 'ON BED' to 5: 

'UNCOOPERATIVE') are in the region of interest in OMT frequency estimation: the 

mean spectral peak frequency with headset on subject's head is 102.4Hz (range 92.5 -  

190.5Hz) for WPC and 95.0Hz (range 85.4 -  105.0Hz) for ARS. However, these peaks 

are slightly higher than the OMT frequency peak recorded. Of note, the mean power 

in the spectral peak with the headset resting on the subjects' head with the subject 

moving and talking ('UNCOOPERATIVE') was -34.0dB, up to a maximum power of - 

20.6dB. This power was small relative to the power in the peak during eye-contacting 

for OMT recording, which had a mean peak power of 6.2dB, with a m inim um  power 

of -ll.OdB. A t-test for difference between condition 5 ('UNCOOPERATIVE') and 6 

('BOTH EYES CONTACT' OMT recording) was highly significant (mean difference 

40.1dB, SEM 3.82,110.5, p < 0.001). The ratio of the highest recorded noise spectral 

peak pow er (-20.6dB) to the lowest OMT spectral peak power (-ll.OdB) is at least 

lOdB, i.e. the noise power is lower than OMT power by at worst a factor of 10, and on 

average by a factor of 10,000.

There were no significant correlations between all parameters for 'noise' in condition 3 

and OMT recordings for subjects from 2 tests using the same probes as for the noise 

test and on the same eye (Table 5.2). Scattergrams of the comparison of param eters 

estimated from OMT recordings and the corresponding param eter estimated from 

noise recordings on subjects' heads are shown in Figure 5.4. There was no discernible 

relationship in the scattergrams between noise and OMT frequency peak.

An ANOVA on WPC, ARS and powerARS with noise on subject's head (condition 3 

'MOUNTED HEAD') for the corresponding parameter as a covariate (i.e. excluding a
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subject term in the ANOVA) found the noise term was not im portant for any 

param eter (Table 5.2, F-test non-significant for all parameters). Therefore an estimate 

of the probe noise does not contribute significantly to the variability of the OMT 

recordings for these 18 probes.
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95% Cl for Mean
Spectral Lower Upper Std.

Param eter Noise Mean Bound Bound Dev. Min Max SEM
WPC IO N  BED 117.0 106.5 127.6 15.68 95.2 137.7 -1.34

2 ON HEADREST 131.5 122.5 140.5 13.36 106.1 147.9 -0.51
3 MOUNTED HEAD 102.4 96.4 108.5 9.04 86.5 121.1 1.32
5 UNCOOP 125.9 106.6 145.3 27.02 92.5 190.5 3.54

6 BOTH EYES CONTACT 85.9 82.9 88.8 4.06 78,3 91.1 1.28
ARS 1 ON BED 101.9 94.9 108.9 10.42 80.6 123.3 2.42

2 ON HEADREST 102.2 98.5 105.9 5.57 94.0 112.3 -0,59
3 MOUNTED HEAD 89.2 85.8 92.6 5.10 84.2 101.3 2.18
5 UNCOOP 95.0 90.9 99.0 5.69 85.4 105.0 0.01
6 BOTH EYES CONTACT 82.7 79.6 85.9 4.38 75.7 89.1 1.38

PowerARS IO N  BED -46.7 -53.3 -40.1 9.84 -67.9 -33.4 0.95
2 ON HEADREST -56.1 -60.7 -51.5 6.80 -66.7 -41.3 1.24
3 MOUNTED HEAD -42.5 -48.6 -36.5 9.01 -57.8 -23.1 1.58
5 UNCOOP -34.0 -39.7 -28.3 7.94 -46.0 -20.6 -0.68

6 BOTH EYES CONTACT 6.2 -0.3 12.7 9.09 -11.0 15.4 2.87

Table 5.1 Spectral frequency peak estimates using the WPC (Wavelet peak count) and 

ARS (autoregressive spectral) methods, and power in the ARS spectral peak for 

conditions 1, 2, 3, 5 and 6 in 10 subjects.

Spearman ANOVA on param eter
correlation_____________________with noise as covariate

F statistic
Correlation (n = 36) Spearm an’s rho Sig. (2-tailed) (df 1, 34) ANOVA sig.
WPC 0.023 0.895 0.204 0.655
ARS -0.071 0.683 0.163 0.689
PowerARS 0.206 0.229 0.006 0.939
BSPR -0.008 0.961 0.051 0.822
FBu -0.195 0.255 1.247 0.272
NBu 0.211 0.217 0.737 0.397
FBa -0.038 0.824 0.077 0.783
PROBa 0.136 0.440 0.610 0.440
MDBa 0.190 0.268 0.702 0.408
MDBu 0.131 0.445 0.083 0.775

Table 5.2. Correlations between all parameters for 'noise' in condition 3 'MOUNTED

HEAD' and OMT recordings for subjects from 2 tests using the same probes as for the 

noise test and on the same eye (condition 6 'BOTH EYES CONTACT').
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Figure 5.4 Scattergrams of OMT parameters from two records in condtion 6 'BOTH 

EYES CONTACT' versus the corresponding parameter from the 'noise' recording in 

condition 3 'MOUNTED HEAD', using the same OMT probe.

116



5.4.5 Conclusions regarding investigation of system noise

The spectral analysis for the pilot study suggested that noise due to system noise, 

building vibrations, headset resonance, head movements is minimal. This was 

confirmed by the analysis of noise and OMT recordings in 10 subjects.

Although spectral frequency peaks were seen in the range of OMT frequency peaks, it 

is reassuring that spectral pow er due to noise alone was minute. The pow er of the 

highest spectral peak in noise recordings was at least 10 times lower than the lowest 

spectral peak pow er in OMT recordings, and 10,000 times lower on average.

It is notable that in the pilot study a reasonably large peak at 80-90Hz was seen with 

excessive head movem ent simulating an 'uncooperative' subject. The effect of 

excessive movement on an OMT recording while the probe is in contact with the eye 

was not examined due to subject safety reasons.

The findings are discussed in more detail in the chapter conclusions (section 5.5).
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5.5 Chapter conclusions

The chapter reports the preliminary work done to bring the new OMT-PZT 

measurement system into clinical use, including a new disinfection protocol, 'p re

testing' of the system and an investigation of the influence of noise and interference 

on OMT recordings.

An appropriate disinfection protocol was devised for the new system in conjunction 

with the hospital infection control committee. This protocol was based on published 

guidelines and satisfied the requirement for 'high-level disinfection' and a disposable 

contacting surface for the device. These disposable biocompatible silicone sheaths 

introduce a small additional cost in terms of materials and labour costs. They are also 

a potential source of variability in eye movement recordings, as discussed in chapter 

4.5. However, the disposable tips avoid any theoretical risk of transmission of 

infective agents between subjects, and are therefore an im portant safety advantage in 

the new OMT PZT system.

Pre-testing was undertaken with five volunteers. Modifications were made to 

optimize subject comfort, and to allow reproducible eyelid taping. Pre-testing ensured 

feasibility and acceptability of the procedure, and competency of the operator in 

performing the procedure consistently. The newly developed OMT recording 

procedure was found to be safe, feasible and acceptable for patient use. An average 

complete recording session, takes 10 minutes. A 15 second recording period with the 

probes on the eye was found to be comfortable and acceptable to all subjects. The 

technique requires minimal subject cooperation, is portable and can be easily 

performed at a patient's bedside.

Sources of 'noise' and interference in OMT recordings in the laboratory using the new 

PZT-OMT system w'ere investigated. Noise due to resonance in the recording 

equipm ent itself, building vibrations, headset resonance and head movements, 

recorded using a non-contacting probe, was found to be minimal relative to pow er in 

frequency spectral peaks for OMT. The gel headrest reduced background noise by a 

factor of 10, and was therefore included as part of the OMT recording protocol for all
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recordings in this doctoral work. However, the true influence of noise on OMT 

recordings is unknown, as all noise sources could potentially be amplified by contact 

w ith the eye. The 'noise' peak for noise recordings m ade with the headset on the 

subject's head did not appear to influence the OMT frequency peak from OMT 

recording using the same OMT probe. This was investigated using scattergrams, 

correlation and by inserting the noise peak as a covariate in ANOVA for frequency 

peak param eter estimates (WPC and ARS peaks). The lack of a significant correlation, 

and the lack of a discernible pattern on the scattergrams implies the frequency peak 

does not coincide with the noise peak, although it cannot be determ ined whether the 

noise peak influences the OMT peak in one direction or another.

An ANOVA looking for an effect of individual probes on the variability of parameter 

estimates could not be performed for this data as the noise term was confounded by 

subject (since a separate probe with a disposable sheath is required for each subject). 

This is a limitation of the noise study: subject variability in OMT frequency is 

relatively great, particularly for power in spectral frequency peak, and an effect of 

noise could be undetectable beyond between-subject error.

There may be some degree of 'cross-talk' between the two OMT probes, based on a 

frequency peak seen in a non-contacting probe when the contralateral probe was in 

contact with the contralateral eye, although again this peak was very small in 

m agnitude. How'ever, it is unclear w'hether this 'cross-talk' contributes significantly to 

OMT recording. This seems unlikely given that correlation between OMT records 

from the two eyes using Sheahan's system was found to be very low (Sheahan 1993).

Variability between probes was observed in terms of 50Hz interference, and some 

probes were more vulnerable to 50Hz noise than others. Therefore all probes should 

be checked prior to recording, by visual inspection of the spectral peaks in a 'noise' 

trace using the real-time OMT recording software.

Uncooperative patients with excessive head movements, or who talk or make other 

noises during recording, may contribute noise to recordings. This conclusion is based 

on non-contact noise recordings with subjects moving and speaking, where a 

relatively large peak was observed at 80 -  90 Hz, although the power in the peak was 

significantly lower than that for the OMT traces, by a factor of at least 10 to an average
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a factor of 10,000. However, this 'noise' contribution is potentially amplified when the 

probe is in contact with the eye. The effect of subject movement during contacting 

OMT recording was not tested due to safety reasons. It is possible that movements of 

that nature could be transm itted to the probe and distort the frequency spectrum and 

frequency peak estimation during OMT recording in an uncooperative subject. 

Therefore OMT recordings in subjects unable to cooperate with the protocol (i.e. 

quietly lying supine) may be subject to noise which could be difficult to distinguish 

from OMT, and such recordings should be interpreted with caution.

In sum m ary, noise contribution to OMT traces was found to be negligible using the 

described m ethods of investigation, although the true effect of noise on the OMT 

recording during contact with the eye cannot be determined. The gel headrest reduced 

background noise and has been included in the protocol for OMT recording. All 

probes should be checked for 50Hz noise interference prior to recording and 

recordings distorted with subject movement and poor cooperation should be analysed 

with caution.
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5.6 Generalised discovery protocol for investigation of 

OMT

The OMT sensor probes are fitted with new, disinfected silicone sheaths, as per 

disinfection procedure (above). All probes are calibrated and simulator tested before 

use to verify flat frequency response. The testing area is quiet with standard lighting. 

Informed consent is obtained from each subject prior to procedure. Hand hygiene is 

performed and the OMT headset is cleaned before use with an alcohol wipe. The 

probes are retrieved from HLD storage jars and attached to the headset immediately 

prior to measurement.

The subject lies supine on an examination couch. Topical anaesthetic drops (0.5% 

proxymethacaine hydrochloride, {Minims®; Bausch & Lomb, Kingston-Upon-Thames, 

UK)) are applied to both eyes. Adhesive tape is applied to upper and lower eyelids 

(with subject's eyes closed). The headset is mounted on the subject's head securely, 

with adjustable velcro straps. The subject is advised to keep their head still 

throughout the recording, but no means of head restraint is used. The subject is 

instructed to open their eyes and look straight ahead. With the headset securely in 

position, the eyelids are then retracted, securing the adhesive tape to the forehead, to 

allow an adequate aperture for probe placement without eyelash or eyelid 

interference. The silicone-sheathed bimorph of the OMT PZT device is lowered 

carefully into position (but not yet into contact with the sclera) near the sclero-comeal 

junction on one eye and the corresponding probe for the other eye is similarly lowered 

(in an order randomized between subjects). The subject is verbally rem inded to refrain 

from talking or moving if possible during the next 30 seconds. The probes are lowered 

into direct contact with the sclera, ensuring that the probe tips rest in contact with the 

sclerae of the eyes under the force of gravity (i.e. probes' own weight) only and 

ensuring no friction, wires, etc. restrict movement of the probes. The "record" 

command is given to the com puter software. The operator remains as quiet and still as 

possible during recording. The on-screen real-time processed OMT trace is monitored 

on the laptop com puter recording the OMT signal to ensure recording is proceeding. 

At the end of the pre-determined recording period (commonly ISseconds), recording 

terminates automatically. The probes are retracted from contact with eyes. The
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headset and eyelid tape are removed from the subject's head. The subject is instructed 

to close their eyes to restore the tear film, and advised not to rub their eyes since they 

are aneasthetized. The subject is instructed to contact investigators in the case of 

persistent ocular irritation after the OMT m easurem ent procedure.
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Chapter 6

Reliability study: Investigation of repeatability and 

reproducibility of the 'OMT PZT system'

6.1 Introduction

This chapter investigates the repeatability, reliability and reproducibility of novel and 

established OMT signal analysis techniques and quantifies the effect of sources of 

variability on these parameters.

The establishment of the reliability (repeatability and reproducibility) of estimates of 

OMT frequency produced using the OMT PZT device will allow valid discrimination 

between OMT param eter estimates in health and disease. It will allow objective 

analysis of differences in OMT frequency param eters in healthy subjects under 

differing testing conditions, and in clinical studies.

A previous version of the piezoelectric OMT measurement system has been shown to 

estimate OMT frequency param eters with good repeatability and reproducibility 

(Sheahan et al., 1994), with reported intra-subject coefficient of variation (similar to 

repeatability coefficient) of 5% with an experienced operator. Some estimates of the 

reliability of Sheahan's device were also established in work by Bolger et al (Bolger et 

al., 1992).

However, new innovations in the OMT PZT system used in this doctoral work lead to 

the need for investigation of variation in OMT param eters using the current device in 

healthy volunteers. The norm al range for OMT parameters, under varying testing 

conditions likely to be encountered in the clinical environment, should be established
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for both established and novel OMT frequency and pattern parameters, prior to their 

use in clinical studies in this doctoral work.

To this end a reliability study was conducted with the new OMT PZT system to 

establish its repeatability and reproducibility under typical testing conditions in 

healthy hum an subjects. The 'reliability' of a m easurem ent instrum ent is a function of 

the situation in which it is used, the m anner in which it is used and of the population 

of subjects which it is used to assess (Dunn, 1989). The reliability study was therefore 

conducted in conditions similar to the intended use of the new OMT PZT device in 

clinical studies in this doctoral work: either in the laboratory or at the bedside, at 

varying times of day, in varying lighting conditions, and without stipulation in terms 

of psychoactive substance use (such as caffeine). Effects of location of testing in 

laboratory versus non-laboratory locations, ambient lighting, diurnal and day-to-day 

variation and common psychoactive substances are therefore investigated.

We draw  conclusions on the reliability of OMT param eter estimation achievable with 

the new device. The implications of these findings in tlie context of studies of OMT in 

hum an subjects are examined. Investigators can have a high degree of confidence that 

a difference in OMT frequency estimation of 9Hz between recordings or between 

subjects is likely to indicate a true underlying change in OMT frequency, beyond that 

which could be attributed to measurem ent error or variability in measurement 

conditions. This forms a rational basis for the analysis of diagnostic and prognostic 

studies of OMT.

6.1.1 Quantifying Uncertainty in OMT Measurement -  Metrology definitions and 

theory

The National Institute of Standards and Technology published a consensus approach 

to quantifying uncertainty in m easurem ent results, which is widely used in basic and 

applied research laboratories and in science and engineering industries (Taylor and 

Kuyatt, 1994). Terms used in quantification of variability, including repeatability, 

reproducibility, precision and accuracy are defined in the 'International Vocabulary of 

Basic and General Terms in Metrology' (abbreviated VIM) (ISO/IEC, 2007). The
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stepwise approach to the assessment of the new OMT measurement technique, based 

on recommendations for new clinical methods (Hulley et al., 2006) is outlined in 

Figure 6.1. The first steps in this approach - 'Exploration', 'refinement' and 

'validation' - were performed prior to this study, and those investigations are 

discussed in (Al-Kalbani, 2009) and in Chapter 5 section 3 (pre-testing). This chapter 

mainly reports investigations into the precision of the new method, and consistency 

under repeatability and reproducibility conditions.

Exploration

i
Refinement 

(engineering, automation)

I
Validation

Accuracy 
[systematic error] 
(calibration with 
OMT simulator)

Precision 
[random error] 

(paired measurements) 
correlation coefficient 

kappa statistic

Repeatability 
Reproducibility

Figure 6.1 Outline of the stepwise approach to quantification of uncertainty in OMT 

measurements using the new OMT PZT system.

Accuracy of measurement is the "closeness of agreement between a measured 

quantity and the true quantity value" of the item being measured (ISO/IEC, 2007 

p.46). A measurement is more accurate the lower its measurement uncertainty, but 

there is no numerical value to quantify measurement accuracy per se. Since there is no 

way to know the true value of OMT parameters in real subjects, and no 'gold 

standard' for OMT measurement, we cannot comment on the true accuracy of 

measurement of the current OMT system. The accuracy of the device can be estimated
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based on calibration of probes with the OMT sim ulator (Al-Kalbani 2009). Given the 

tolerance of the OMT sim ulator was +/-0.3dB, a conservative estimate is that the OMT 

probes had a flat frequency response with a tolerance of +/- 1.2dB (see chapter 4.2).

Measurement precision is the "closeness of agreement between [quantity values] 

obtained by replicate measurem ents on the same or similar objects under specified 

conditions" (ISO/IEC, 2007 p.48). M easurement precision is quantified in terms of 

estimates of imprecision: standard deviation, variance, coefficients of variation. 

Measurement precision is used in the definition of measurement repeatability and 

reproducibility, the measures of uncertainty quantified for the current OMT 

measurement system in this chapter.

'Repeatability' is the measurem ent precision under 'repeatability conditions'. 

Repeatability conditions stipulate: the same measurem ent procedure, operator, 

measuring system, operating conditions, location and repetition on similar (or the 

same) objects over a short time period (ISO/IEC, 2007). Bland and Altman (Bland and 

Altman, 1986) established m ethods for reporting repeatability of clinical 

measurements, including the repeatability coefficient. The repeatability coefficient 

represents the value below which the absolute difference between two repeated test 

measurements should lie, w ith 95% probability.

'Reproducibility' refers to m easurem ent precision under 'reproducibility conditions'. 

Reproducibility conditions include different locations, operators, measurement 

systems and measurem ent procedures. 'Stability' is the ability of a measurement 

system to maintain constant measurem ent characteristics over time.
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6.2 Aims

The overall aim of this study is to assess the reliability of established and novel OMT 

parameters so that they can be used to assess the significance of any changes seen in 

these parameters in disease.

1. To investigate the test-retest repeatability and reproducibility of OMT 

measurement using the new device.

2. To investigate the influence of common variables in the clinical environment, 

including diurnal variation and location of testing, on OMT parameters.

3. Based on 1 and 2 above, to establish the 'norm al' range of OMT frequency and 

pattern param eters which can be expected in healthy subjects under 

conditions in which clinical studies will be conducted.

This investigation will facilitate the rational selection of stable OMT frequency and 

pattern parameters to use as primary outcome measures in future studies, as well as 

providing ranges of normality for other parameters which may be considered 

secondary outcome measures.

The acceptability of the measurement procedure was assessed and the experience of 

the subject during recording is examined, including sensation, anaesthesia and 

adverse effects during testing.
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6.3 Methods

6.3.1 Subjects and Test Sessions 

First test series: Repeatability

45 volunteers (age 24 - 65, m ean 34 years, 22 male, students, hospital and research 

departm ent staff, other non-hospital volunteers), participated in the repeatability test 

series. Subjects with regular medication or drug intake were excluded. Each subject 

participated in two experimental sessions. Both sessions were recorded in the 

laboratory, between 8:00 a.m. and 6:00 p.m.

Second test series: Reproducibility

21 volunteers (age 24 - 52 years, mean 35 years, 12 male, students, hospital and 

research departm ent staff), participated in the reproducibility test series. None of the 

subjects suffered from any neurological disease at the time of testing. Each subject 

participated in five experimental sessions. OMT was recorded in each subject on 4 

occasions over a 2-week period. One session was perform ed between 8:00 and 10:00 

a.m. (morning test), one between 12:00 and 2:00 p.m. (midday test) and one between 

4:00 and 6:00 p.m. (evening test). Another test session was recorded at m idday in a 

different location outside the laboratory setting (non-laboratory test). The order of 

these tests was randomized.

N um ber of subjects and replicates for reproducibility  study

The reproducibility study requires plarming of the num ber of subjects and the num ber 

of replicated tests performed per subject. Consideration was given to subject sample 

size to ensure reasonable accuracy of estimation of reliability of OMT peak frequency 

(the most commonly reported quantitative OMT parameter. ICC is defined as the 

proportion of total variance due to between-subject variance (Shrout and Fleiss, 1979), 

and the required num ber of subjects and replicates to achieve a point estimate of ICC 

with a given Cl can be estim ated from published confidence interval contour graphs 

(Giraudeau and Mary, 2001, Shrout and Fleiss, 1979).). The required sample size to 

produce a confidence interval for the ICC with a w idth of 0.2, with an expected 

reliability of 0.9, was estimated, based on previous reports of OMT peak frequency 

estimation (Bolger et a l, 1992).When the ICC is close to 1 (the ICC for PC was 0.91 in
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previous OMT reports) the majority of the variability in the data is due to between- 

subject variability (Giraudeau and Mary, 2001). In such cases increasing the num ber of 

subjects (to measure betoeen-subject variability more precisely) will have a greater 

effect on the overall precision of the ICC estimate than increasing replications (which 

allow precise estimation of within-suhiect variability). In general, where the ICC is 

greater than 0.6, two or three replicates per subject are sufficient (Giraudeau and 

Mary, 2001, Shoukri and Asyali, 2004). For this reason, three replicates were planned 

for the reproducibility study, and at least 20 subjects were recruited.

6.3.2 Experim ental procedures

OMT m easurem ent procedure

The OMT-PZT system modified by Al-Kalbani (2009) was used in this study. The 

system 's resolution, frequency response, physical characteristics, and signal 

processing approach for estimation of OMT param eters are described in Chapter 4.

The m easurem ent method, disinfection procedure and m easurem ent protocol are 

described in detail in Chapter 5. OMT recordings were m ade by a single trained 

operator (the author). O rder of testing was randomized, and records from the two 

eyes were not treated independently.

In brief the OMT m easurem ent protocol for each session was as follows: new probes 

were inserted into the device; system check performed; subject lay supine on a testing 

couch in a quiet laboratory room, head resting on a gel support cushion; topical 

anaesthetic eyedrops (Proxymetacaine 0.5%) were adm inistered bilaterally; adhesive 

tape was applied to the upper and lower eyelid skin; headset was placed on the 

subject's head, secured w ith a strap; the subject was asked to open their eyes and look 

directly up at the ceiling, lying perfectly still and not speaking; the eyelids were 

retracted using adhesive tape; the probes were aligned correctly using m iniature vices 

and advanced tow ards the ocular surface on sliders; a 15-second recording of OMT 

was made.
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Covariates and baseline subject characteristics

Potential covariates were recorded on each test occasion, including: background 

illumination (measured with a digital incident light meter), subject's heart-rate (via 

pulse-oximeter) and caffeine consumption (subjects reported time of last caffeine 

consumption and the type of beverage (coffee, tea or soft-drink)). Subjects were 

assessed by an ophthalmologist, for best-corrected visual acuity (ETDRS LogMAR), 

contrast sensitivity (Pelli-Robson chart), intra-ocular pressure and refraction.

Data analyses

OMT analysis was performed off-line using a software application written in 

LabVIEW (version 7.5 © 2006 National Instrum ents Corporation). The 'wavelet' 

algorithm (Gabor transform) was used to extract larger eye movements and artefacts 

from the raw OMT records (Al-Kalbani, 2009) and the processed OMT records were 

analysed in LabVIEW to extract frequency and pattern parameters as detailed in 

Chapter 4. The param eters analysed were chosen based on critical analysis of the 

parameters presented in Chapter 4 section 5. The parameters studied are: Wavelet 

peak count (WPC), autoregressive spectral frequency peak (ARS peak), 'burst' spectral 

power ratio (BSPR), num ber of bursts per second (NBu), the frequency content of 

bursts (FBu), the frequency of 'baseline' activity (FBa), the percentage of the record 

occupied by 'baseline' activity (PROBa), the mean duration of a burst (in milliseconds) 

(MDBu) and the mean duration of a baseline period (interburst period, in 

milliseconds) (MDBa).

Statistical analyses

Means, standard deviations and 95% confidence intervals (95% CIs) for each 

param eter were calculated. A null hypothesis that each variable had a normal 

distribution and homogeneity of variance was tested (Shapiro-Wilk and Levene tests). 

Where this showed a non-normal distribution, the data was tested using 

transformations to attain a normal distribution, or was treated as non-param etric data 

in further analysis (specified in the results). All statistical analyses were conducted 

using SPSS statistical software (SPSS vl4.0, SPSS Inc., Chicago, IL, USA). The alpha 

level was set at 0.05, with Bonferroni correction for multiple testing.
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6.3.3 R eliab ility  Estim ates U sed

The reliability of OMT param eters w as assessed in term s of both  relative and  absolute 

reliability estim ates. A com bination of estim ates, ra ther than a single approach, is 

m ore likely to give a true im pression of reliability (A tkinson and  Nevill, 1998). Each 

type of estim ate has advan tages and  d isadvantages. 'Relative reliability ' estim ates, 

such as the Intraclass C orrelation Coefficient (ICC(2,i)) (Shrout and  Fleiss, 1979), are 

influenced by the range of m easured  values, and  shou ld  be in terpreted  w ith  caution 

(A tkinson and Nevill, 1998). H ow ever, ICC(2,d is included here on the basis that it is a 

com m only reported  m easure of reliability in  clinical m easurem ent studies. 'A bsolute 

reliability ' estim ates (A tkinson and  Nevill, 1998) include the coefficient of variation 

(COV%), standard  error of m easurem ent (SEM, distinct from  's tan d ard  e rro r of m ean'), 

and  lim its of agreem ent (Bland and A ltm an, 1986). M easures of absolute reliability 

w ere used depend ing  on w hether heteroscedasticity  is present (COV% m ore 

appropria te) or absent (SEM m ore appropriate).

R elative re liab ility  estim ation

Relative reliability (repeatability  and  reproducibility) of OMT param eters was 

determ ined  by calculation of the intra-class correlation coefficient (ICCii) via a two- 

w ay random  effects ANOVA based on absolute agreem ent (average m easures), using 

the SPSS Reliability procedure. The ICCs and  their 95% Cls w ere calculated.

Reliability w as in terp reted  using Shrout an d  Fleiss's classification (Shrout and Fleiss, 

1979), w here ICC2,i of 0.4 -  0.75 indicates average reliability, values > 0.75 indicate 

h igh reliability. It is recom m ended that any test shou ld  have an ICC of 0.6 or greater 

to be useful (Chinn, 1991). W hile ICC has advan tages over COV% in tha t the am ount 

of erro r variation  is related to the size of the variation  of interest, it also has 

disadvantages: ICC is lim ited by how  it is calculated based on betw een-subject 

variance. If betw een-subject variance is h igh (i.e. the data have a w ide range of 

values), then the ICC w ill ap p ear h igh relative to a sam ple w ith  low subject variance 

(w here the data  have a n a rro w  range of values). So ICC, w hen  used  to com pare 

param eters w ith  very different subject variance, m ay not give a true p icture of their 

relative reliability.
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Absolute reliability estimation

Absolute reliability (repeatability and reproducibility) was estimated in terms of SEM, 

COV% and 95% limits of agreement (LOA). The standard error of measurement (SEM) 

is the standard deviation of m easurement errors (a reflection of the reliability of the 

test measurement). A smaller SEM implies better reliability. SEM is appropriate for 

interval data but not ratio data (Atkinson and Nevill, 1998).

The coefficient of variation (COV%, the standard deviation as a proportion of the 

mean, multiplied by 100) was calculated for the different parameters. A COV% of 10% 

for an individual's data means that (assuming normal distribution of the data), 68% of 

the differences between test and retest sessions lie within 10% of the data overall 

mean. COV% should be used with caution, it assumes a degree of heteroscedasticity 

in the data (if not present SEM is a preferable estimate), and is not appropriate for 

data that includes negative values (Atkinson and Nevill, 1998).

The 95% limits of agreement (LOA) can be considered in terms of both random  and 

systematic error components. The random  error component, assuming no significant 

systematic bias, can be calculated as 1.96*(SD of differences between test and retest 

sessions). This can also be calculated from a repeated-measures ANOVA, where the 

random  error 95% limits of agreement (LOA) is given by Eqn. 6.1:

where MSE is the ANOVA mean squared error term. The limits of agreement for 

'total error' (systematic bias plus random  error) is given by Eqn. 6.2;

where SD is the standard deviation of the difference, and the LOA are reported in the 

im its of the param eter in question. If the data showed heteroscadasticity, the data was 

transform ed via natural logs prior to calculation of limits of agreement. The data was 

then anti-logged before reporting the limits of agreement. The greater the random 

error expressed in the limits of agreement, the larger the minimal detectable change 

for a given sample size in an experiment. In other words, an OMT param eter with

Random error 95% LOA = 1.96 * (^2) * (VMSE) Eqn. 6.1

Total error 95% LOA = (mean difference +/- 1.96*(SD)) Eqn. 6.2
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relatively large limits of agreement will need relatively much larger sample sizes to 

detect a change in the parameter, compared to one with smaller limits of agreement.

Bland-Altman plots (Altman and Bland, 1983) were constructed for each param eter 

(individual subject difference between test and retest sessions plotted against the 

respective individual subject means, and w ith three reference lines; the mean 

difference (bias line), and 2 lines forming the 95% limits of agreement (mean +/- 

1.96SD) (error lines). These plots serve m ultiple purposes: they provide a schematic 

representation of measurement error by examining the direction and m agnitude of 

scatter around the zero line, and allowing identification of the presence of 

heteroscedasticity (where the differences are related to the m agnitude of the mean).

Effects of Experimental Factors and Covariates on OMT Param eters - Mixed Effects 

ANOVAs

First test series: Repeatability

A mixed univariate ANOVA was constructed (with TEST and EYE as fixed factors 

and SUBJECT as a random factor, using the 'variance components' structure, and 

including the interactions TEST^EYE) for each OMT parameter, to assess the effect of 

test session on OMT parameters. Optimal model structure, using different covariance 

structures, and different interaction terms, was investigated for param eters based on 

information criteria for model comparison (such as Akaike information criteria (AIC), 

(Akaike, 1974)), and on the values of F-statistics.

Second test series: Reproducibility

Univariate mixed effects ANOVAs were perform ed for all OMT parameters, with 

LOCATION, TIME, EYE, and interactions LOCATION*EYE and TIME^EYE as fixed 

effects, and SUBJECT as a random effect, and num ber of microsaccades per trace, 

heart -rate (b.p.m) and ambient light level (Lux) as covariates with correlated random  

effects. Optimal model structure was assessed as for the first test series.
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C ovariates in OM T testing

Regression analysis w as used  to evaluate the relationship  betw een illum ination level, 

tim e since caffeine consum ption, and num ber of m icrosaccades and  OMT frequency.

Subject Variance and  U nexplained Error in the R ecordings

The SPSS procedure  'V ariance com ponents analysis', using  the restricted m axim um  

likelihood m ethod  (REML) w as also perfo rm ed  for the OM T param eters, w ith 

LOCATION, TIME and EYE as fixed factors and  SUBJECT as a random  factor. 

Variance C om ponents estim ates the contribution of ind iv idual random  effects 

(SUBJECT) to the variance of a dependen t variable (OMT param eter). The m odel used  

w as P aram eter = Intercept + LOCATION + TIME + EYE + LOCATION’̂ SUBJECT + 

TIME*SUBJECT + EYE^SUBJECT + SUBJECT. The covariates m icrosaccades, heart-ra te  

and am bient light level w ere also exam ined in term s of their contribution to the 

variability of the param eters.

Confidence intervals (Cl) for Var(SUBJECT) for each param eter w ere calculated using  

the S tandard  e rro r of the variance 0/ Var(SUBJECT), abbreviated as 'SEV', and 

calculated as the square root of the variance of Var(SUBJECT)). The variance of 

Var(SUBJECT) is reported  in the asym ptotic variance-covariance m atrix  for the 

param eter in  SPSS Variance Com ponents, RMEL procedure. The 95% Cl for the 

variance estim ate is calculated by E quation 6.3.

Var(SUBJECT) 95% Cl = Low er Cl value = (Var(SUBJECT) - (L96*SEV)) Eqn. 6.3

U pper Cl value = (Var(SUBJECT) + (1.96’̂ SEV))

From  the subject variance, the 'S tandard  E rror of M easurem ent' (SEM) (distinct from  

S tandard  erro r of the m ean w hich is also abbreviated  SEM) and  'Sm allest Real 

D ifference' (SRD) for each param eter w as calculated as p er Eqn. 6.4 and  Eqn. 6.5 

(Bland and  A ltm an, 1998, Beckerm an et al., 2001). The SEM is the m easurem ent erro r 

at one p o in t in  tim e (square root of w ithin-subjects e rro r variance), w hile the SRD is 

the m easurem ent erro r betw een m ultip le  m easurem ents (95% Cl of difference 

betw een m easurem ents), or the sm allest m easurem ent change that can be considered 

a real difference.
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SEM = (Vwithin-subject e rro r variance) 

SRD = (1.96*(V2)*SEM)

Eqn. 6.4 

Eqn. 6.5

These m easures can be used  to investigate w hether a real change has occurred beyond 

m easurem ent error in  the context of clinical studies. Param eters w ith  relatively low er 

SRD are m ore 'responsive '. R esponsiveness is the ability of a m easurem ent param eter 

to detect clinically relevant changes over time. In practice a "clinically relevant 

change" in  a m easurem ent m ust be greater in  m agn itude  than  the SRD for the 

m easurem ent instrum ent to be considered valid  for that clinical purpose. A ny change 

less th an  the SRD can be considered m easurem ent error o r 'reproducib ility  noise ' 

(Beckerm an et al., 2001).

To allow  com parison betw een param eters w ith  differing units, the SEM% and the 

SRD% w ere also calculated, according to Eqn. 6.6 and  6.7.

SEM% = (SEM /mean of repeated m easurem ents)*100 Eqn. 6.6

SRD% = (SRD/mean of test-retest m easurem ents)*100 Eqn. 6.7
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6.4 Results

All subjects had a best-corrected LogMAR visual acuity of 0.1 or less (i.e. Snellen 

acuity of 6/7.5 (20/25) or better), except one subject, (who had a previous retinal 

detachment in the left eye in the third decade of life, repaired surgically (LogMAR 1.1 

(Snellen 6/75) and reduced contrast sensitivity (LogCS 0.75) in that eye). There were 

no significant differences in OMT parameters between the two eyes of this subject (p > 

0.25 for all parameters), or between this subject and the rest of the sample (p > 0.11 for 

all parameters). Contrast sensitivity was less than 1.65 LogCS for the majority of 

subjects (range 0.75 -  1.95 LogCS), and intraocular pressure was norm al in all cases. 

Objective refractive error varied widely between subjects (-8.0 to +2.0 Dioptres). 

Refractive error did not have a significant effect on OMT parameters in the 

Reproducibility test series. To test further for relationship between refractive error and 

OMT parameters, subjects were classified into three arbitrary groups: hypermetropic / 

errunetropic (refraction +2.00 to -0.25 spherical equivalent, n = 9 subjects), 'low 

myopes' (refraction < -0.25 to > - 4.00DS, n = 9 subjects), 'm oderate -  high myopes' 

(refraction <=-4.00 DS, n = 3 subjects). There was no significant effect of refraction 

group on any of the OMT param eters (p > 0.11 for all parameters, with 'refraction 

group' as a covariate in a mixed-model multivariate ANOVA).

6.4.1 First test Series (Repeatability)

Distortion and 50Hz interference in traces

10 of 180 recordings (5.6%) were discarded due to problem s during recording (due to 

distortion on traces, possibly related to 50Hz interference or other distortion which 

could not be removed using a notch filter). A further eight recordings (4.4%) were 

contaminated by 50Hz interference. This could be removed using a notch filter for 

analysis of spectral parameters (WPC, WRS and power in ARS peak), but could not be 

removed for estimation of the burst parameters. Therefore 170 recordings (94.4%) 

were available for estimation of frequency parameters, and 162 recordings (90%) for 

the burst parameters.
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Mean ambient light intensity was 201 lux (SD 39.4 lux, range 21 -  270, corresponding 

to dim  light). Subjects' mean heart rate (HR) was 62 b.p.m. (SD 7.2 b.p.m., range 45 -  

76 b.p.m.). The mean num ber of microsaccades identified in the trace (subjectively 

identified by eye) was 11.5 (SD 8.5, range 0 -  38). There were no significant differences 

in covariates between test and retest sessions.

Descriptive statistics, the means and SD for all OMT parameters investigated, in the 

repeatability series (for both eyes in all subjects) are presented in Table 6.1. Overall 

mean OMT frequency for the repeatability series, estimated by the peak counting 

method (WPC) was 87.3Hz (SD 5.01Hz), and by the autoregressive spectral peak 

(ARS) was 82.9Hz (SD 5.71Hz). The mean frequency of bursts (FBu) was similar to the 

overall OMT frequency peak estimators at 83.6Hz (SD 9.06Hz), and the mean 

frequency of baseline ('interburst' periods) was almost identical at 83.7Hz (SD 6.13). 

The mean num ber of 'bursts' per second (NBu) was 4.2 (SD 1.49 bursts). The mean 

'burst' spectral frequency ratio (ratio of LF to HF) was 0.874 (SD 0.218). The 

proportion of record occupied by baseline (PROBa) had a mean of 83.9% (SD 6.52%). 

Mean duration of 'burst' activity (MDBu) was 3.8ms (SD 0.27ms) and that of a baseline 

period (MDBa) was 18.5ms (SD 7.72ms).

Many of the OMT param eters are highly correlated (Table 6.2). NBu was highly 

correlated with both PROBa and MDBa (r = -0.984 and -0.947, p < 0.001). MDBa was 

also highly correlated with PROBa (r = 0.903, p < 0.001). wARS was well correlated 

with WPC (r = 0.835, p < 0.001) and FBa (r = 0.837, p < 0.001). BSPR was relatively well 

correlated with WPC, wARS and FBu (r = -0.729, -0.723 and 0.695, p < 0.001), and FBa 

and FBu were relatively well correlated (0.720, p < 0.001). MDBu and PowerARS were 

not highly correlated with any other parameters.

Effect of test-retest on OMT parameters

A mixed univariate ANOVA was constructed (with TEST and EYE as fixed factors 

and SUBJECT as a random  factor, using the 'variance components' structure, and 

including the interactions TEST*EYE) for each OMT param eter (model structure 

Figure 6.2). FBa and MDBa were natural log-transformed prior to ANOVA to satisfy 

assumptions of norm al distribution. There was no significant effect of test session on 

any of the param eters (Table 6.3). This suggests there is no systematic error for test 

and retest sessions.
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Mean SD Minimum Maximum

OMT param eters

WPC (Hz) 87.3 5.01 72.2 97.5

ARS(Hz) 82.9 5.71 68.4 100.1

PowerARS (dB) -0.17 7.779 -24.73 21.21

FBu (Hz) 83.6 9.06 61.0 105.0

NBu (bursts s ') 4.2 1.49 1.4 7.6

BSPR (ratio) 0.874 0.218 0.431 1.463

FBa (Hz) 83.7 6.13 72.0 103.0

PROBa (%) 83.9 6.52 67.7 95.9

MDBu (ms) 3.8 0.27 3.1 4.5

MDBa (ms) 18.5 7.72 7.9 46.4

Covariates

Ambient light (lux) 201 39.4 21 270

HR (b.p.m.) 62 7.2 45 76

Microsaccades (number per trace) 11.5 8.5 0 38

Table 6.1 Means, standard deviations and ranges of values for all OMT parameters 

and covariates in the repeatability series.

wPC WARS PowerARS FBu NBu BSPR FBa PROBa MDBa

WARS 0.835

PowerARS 0.025" 0.051“

FBu 0.679 0.772 0.147'

NBu 0.310 0.240 0.079” 0.243

BSPR -0.729 -0.732 -0.120” -0.695 -0.383

FBa 0.669 0.837 0.016” 0.720 0.145” -0.658

PROBa -0.314 -0.250 -0.109” -0.284 -0.984 0.431 -0.173*

MDBa -0.287 -0.250 -0.097” -0.292 -0.947 0.386 -0.176* 0.903

MDBu 0.298 0.263 0.042” 0.237 0.485 -0.416 0.200* -0.562 -0.373

Table 6.2. Pearson correlation coefficients for OMT parameters in first test series 

(repeatability, n= 154 -1 6 2  for different parameters). All correlations are significant at 

the 0.01 level (2-tailed) except those marked: “̂ Correlation is significant at the 0.05 level 

(2-tailed) and ’‘Correlation does not reach significance at 0.05 level.
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Model Dimension'’

Number 
of Levels

Covariance
Structure

Number of 
Parameters

Subject
Variables

Fixed Effects Intercept

TEST

EYE
TEST*EYE

1

2

2

4

1

1

1

1
Random Effects Intercept + MS + 

HR + Lux“ 4 Variance
Components 4 SubjectID

Residual 1
Total 13 9

Figure 6.2 Model structure for repeatability mixed ANOVA. The interaction term

TEST*EYE was not significant for any parameter, and was excluded from the model 

for reporting the effect sizes and covariate statistics.

Parameter

Fixed effects F-tests Estim ates o f

Covariance

Param etersTEST EYE

df F-test Sig. df F-test Sig- MS

WPG (1, 54.8) 0.203 0.654 (1,41.5) 1.221 0.276 0.0251

ARS (1, 55.7) 0.145 0.705 (1, 40.6) 0.005 0.944 0.0619

Pow/erARS (1, 49.2) 0.073 0.788 (1,47.9) 0.007 0.934 0

FBu (1, 45.5) 0,020 0.889 (1,41.2) 0.354 0.555 0

LnFBa (1, 50.9) 0.071 0.791 (1,38.8) 0.133 0.717 0

NBu (1, 45.7) 0.105 0.747 (1, 40.8) 0 0.991 0

PROBa (1, 47.0) 0.014 0.906 (1,43.6) 0.503 0.482 0

BSPR (1, 55.6) 0.912 0.344 (1,33.7) 0.954 0.336 0.0002

MDBu (1, 53.1) 0.428 0.516 (1, 49.1) 1.332 0.254 0

LnMDBa (1, 47.7) 0.677 0.415 (1,42.8) 0.192 0.663 0

Table 6.3 Mixed effect model F-statistics and p-values for the fixed factors for all 

parameters and estimates of the variance component contributed by 'num ber of 

microsaccades' (MS) is also shown. The covariates heart-rate (HR) and ambient light 

level (lux) did not contribute to variability for any of the parameters (variance 

components < 0.005 for all parameters).
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Relative test-retest reliability

The test-retest reliabilities (ICC2,i) of all param eters ranged from 0.372 to 0.848 (Table 

6.5). Tw'o parameters showed 'high' test-retest reliability; ARS (ICCii = 0.822), 

followed by WPC (ICCi.i = 0.807). Although the ICC2,i for all parameters except MDBu 

was significant at the p < 0.005 level, the other param eters have a relatively low ICCii 

Of the burst parameters, BSPR and LogFBa have the highest ICCii at 0.635 and 0.690 

respectively.

Absolute test-retest reliability

TTie COV% of all parameters in the first (repeatability) test series is summarised in 

Table 6.6, and the range of individual subjects' standard deviation , subjects' COV% 

and the overall COV% for each param eter under repeatability conditions are shown in 

Tables 6.7 -  6.16. Since all parameters show some degree of heteroscedasticity, COV% 

is more a more appropriate statistic than SEM (SEM is also shown in Table 6.7) to 

examine reliability of these parameters. The overall COV% among all data for WPC 

and ARS are low, indicating good reliability of these parameters under repeatability 

conditions (overall COVs 5.7% and 6.9% respectively) and for individual subjects 

(maximum subject COVs 7.3% and 10.3%). By contrast, PowerARS shows large 

variability (overall COV 4499.3% and maximum subject COV 22978.5%).

For the burst parameters, MDBu, FBa, PROBa and FBu show relatively low variability 

in terms of overall COV% (7.1%, 7.3%, 7.8% and 10.8% respectively), and the range of 

individual subjects COV% (maximum subject COVs 12.3%, 11.4%, 14.9% and 20.3% 

respectively). NBu, BSPR and MDBa show relatively larger variability in terms of 

overall COV (25%, 35.3% and 41.8% respectively) and the range of individual subject 

COV (maximum subject COVs 41.8%, 77.5% and 73.9% respectively).

The agreem ent of the test and retest sessions for the various OMT parameters is 

shown in terms of Bland-Altman plots (Figures 6.3 -  6.6). The 95% limits of agreement 

for bias between test and retest sessions are shown in Table 6.5.
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Param eter

First m easurem ent Second m easurem ent Difference w eek 1 -w e e k  2

M ean SD M ean SD M ean SD

WPC (Hz) 88.0 4.59 86,9 5.21 1.17 3.85

ARS (Hz) 83.6 5.24 82.2 5.80 1.41 4.17

PowerARS (dB) 0.061 8.191 -0.485 7.567 0.546 8.218

FBu (Hz) 84.4 9.41 82.6 8.62 1.74 10.03

FBa (Hz) 85.2 6.65 83.3 6.24 1.96 6.29

LnFBa (LnHz) 4.442 0.009 4.4194 0.009 0.0231 0.0712

NBu (bursts s' )̂ 4 .05 1.57 4.28 1.41 0.16 1.75

PROBa (%) 84.3 7.15 83.7 5.85 0.6 7.72

BSPR (ratio) 0.861 0.211 0.888 0.221 0.027 0.223

MDBu (ms) 37.9 2.89 37.9 2.58 1.70 3.86

MDBa (ms) 192.3 83.12 178.8 72.87 13.5 99.9

LogMDBa 2.246 0.183 2.221 0.161 0.0247 0,2074

Table 6.4 Descriptive statistics fo r means and mean differences in  O M T parameters 

between test and retest sessions w ith  1-week interval. (For parameters WPC and 

PowerARS, n = 81, fo r ARS n = 80, fo r all other parameters n = 74).

Param eter ICC2 1  (95%  Cl)
Standard error of 

m easurem ent

95% lim its of 

agreem ent

WPC 0 ,807^ (0 .693 , 0.878) 1,69 Hz (-6,38, 8 ,72) Hz

ARS 0 .8 2 2 ' (0.709, 0.889) 1,76 Hz (-6 ,7 6 ,9 ,5 8 ) Hz

PowerARS 0 ,6 2 9 “ (0,423, 0,762) 5,01 dB (-1 5 ,5 6 ,1 6 ,6 5 ) dB

FBu 0.549 (0 .288, 0,715) 6.74 Hz (-17.92, 21 .40) Hz

FBa* 0 ,6 9 0 (0 ,5 0 1 , 0,806) 1,04 Hz (0.890, 1.177) Hz

NBu 0,484 (0 ,171, 0,678) 1,23 bursts s'̂ (-3.27, 3.59) bursts s *

PROBa 0,466 (0 ,150, 0,664) 5,64% (-14.55, 15.70) %

BSPR 0,635 (0 ,421, 0,770) 0,135 (ratio) (-0,411, 0,465) (ratio)

MDBu 0,020 (-0,574, 0,388) 3,82 ms (-5,87, 9,27) ms

M DB a* 0,435 (0 ,104, 0,644) 0,156 ms (-0,382, 0 ,431) ms

Table 6.5 Intraclass correlation coefficients (ICC 2,i) from  2-way random  effects models 

based on absolute agreement de fin ition, average measures, SEM and 95% lim its  of 

agreement fo r both eyes from  the test and retest sessions (repeatability series). O verall 

ICC was calculated treating eyes as independent cases in  the d a ta .«Good to very good 

re liab ility . Values of ICC o f 0.4 -  0.75 indicate average re liab ility , values > 0.75 indicate 

h igh re liab ility . * Parameters natura l log-transformed fo r calculation o f re liab ility  

indices, therefore lim its  o f agreement are ratios.
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Parameter Range of subject SD Range of subject COV (%) Overall COV (%)

WPC(Hz) 0 .60-5 .84 0 .7 -7 .3 5.7

ARS(Hz) 0 .70-8 .55 0 .8 -1 0 .3 6.9

PowerARS (dB) 0.59-16.08 10.1-22978.5 4499.3

FBu (Hz) 1.39-15.52 1 .5 -20 .3 10.8

FBa (Hz) 0 .60-9 .49 0 .7 -1 1 .4 7.3

LnFBa (Ln Hz) 1.01-1.12 0 .2 -2 .5 1.6

NBu (bursts) 0 .20-3 .20 6 .98-77 .5 35.3

PROBa (%) 0.78-12.59 0 .9 -1 4 .9 7.8

BSPR (ratio) 0 .01-0 .46 0 .5 -4 1 .8 25.0

MDBu (ms) 0 .03-0 .47 1 .0 -12 .3 7.1

MDBa (ms) 1.17-18.64 6 .2 -73 .9 41.8

LnMDBa (Ln ms) 1.06-2.27 2 .0 -28 .2 22.2

Table 6.6. O verall and ranges fo r in d iv id u a l subjects o f standard deviations and 

coefficients o f varia tion (COV) fo r a ll O M T parameters in  the repeatability series.
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Figure 6.6 Bland-Altman plot for MDBa. Straight line: mean of difference, dotted lines: 

95% limits of agreement (mean difference +/- 1.96*SD of difference). The regression 

line is shown to estimate the heteroscedasticity in the data. Pearson correlation 

between the difference and the average was not significant (Pearson's r = 0.132 (p = 

0.262)).
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Second Test Series (Reproducibility)

Eight of 210 recordings (3.8%) were discarded due to problems during recording (six 

due to faulty recording probe and two due to poor subject cooperation). A further 

eight recordings were contaminated by 50Hz noise. This could be removed using a 

notch filter for analysis of spectral param eters (WPC, WRS and power in ARS peak), 

but could not be removed for estimation of the burst parameters. Therefore 203 

recordings were available for estimation of frequency parameters, and 195 recordings 

for the burst parameters.

Covariates

Mean ambient light intensity was 166.4 lux (SD 73.4 lux, range 4 -  430). This range was 

larger than for the repeatability data, due to the use of more than one testing location 

in the reproducibility series. The laboratory had a significantly higher ambient light 

level (mean light intensity 191.31ux, SD 39.5) than the non-laboratory location(mean 

intensity 73.71ux, SD 94.2), F (1,206) = 155.219, p < 0.001).

Subjects' mean heart rate (HR) was 64 b.p.m. (SD 8.2 b.p.m., range 45 -  91 b.p.m.). 

Mean HR was slightly higher in the morning than at midday (mean difference 5.3 

b.p.m. (SEM 1.6bpm), p = 0.004), and there was a trend towards higher HR in the 

afternoon compared to m idday (mean difference 4.3 b.p.m.), although this did not 

reach significance (p = 0.08).

The mean num ber of microsaccades identified in the trace (subjectively identified by 

eye) was 9.7 (SD 8.9, range 0 -  41). There were no differences in num bers of 

microsaccades for different locations or different times of day.

Absolute reproducibility

The means, SD and coefficient of variability (COV%) for WPC, ARS and PowerARS 

for individual subjects are shown in Tables 6.7 -  6.9. Initial inspection of the data 

suggests no systematic difference in WPC between different times of day (mean WPC 

89.2, 89.37 and 89.37 Hz for the morning, m idday and evening respectively), and 

different locations (mean WPC 89.3 and 90 Hz for the laboratory vs non-laboratory), 

and the COV% was between 4.4% and 4.7% for all conditions, indicating that none of
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these conditions resulted in increased variability in measurements. The COV% values 

for individual subjects ranged from 0.4% to 5.5%. The lowest individual subject SD 

was 1.44 Hz.

The overall COV% among all data for WPC (4.6%) and ARS (6.2%) are low. However, 

the COV% for pow er in the ARS peak is highly variable for different subjects, with the 

overall COV for all data of 282%.

The means, SD and Coefficient of Variability (COV) for num ber of bursts occurring 

per second (NBu), the frequency content of bursts (FBu), the frequency of baseline 

activity (FBa), the percentage of the record occupied by 'baseline' activity (PROBa), 

the mean duration of a burst (MDBu) and the mean duration of a baseline 

('interburst') period (MDBa) by subject, location, time and eye are shown in Tables 

6.10-6.16.

The COV% for each of these param eters is more variable than for the established 

spectral sum m ary parameters. TTie parameters with lowest COV% are FBa (overall 

COV 7.7%, individual subjects COV% ranged from 1.4 -  14.4%), PROBa (overall 7.9%, 

individual subjects 3.1 -  10.0%) and FBu (overall 10.7%, individual subjects 3.7 -  

15.1%). For MDBu while the overall COV% was reasonable (overall 10.4%), individual 

subjects showed large variability (individual subjects COV ranged from 3.4 -  24.9%).

The param eters with greatest variability were NBu (overall COV 33.8%, individual 

subjects COV ranged from 5.6-43.1% ), and MDBa (overall 44.0%, individual subjects 

17.7-64.2%).
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Subject n
WPC (Hz)

Mean SD COV (%)
1 9 85.57 2.09 0.0
2 10 93.14 3.72 4.0
3 10 93.16 2.21 2.4
4 10 88.22 1.44 1.6
5 10 86.81 2.40 2.8
6 9 84.67 1.77 2.1
7 10 84.92 2.50 2.9
8 10 95.68 1.49 1.6
9 10 90.01 2.01 2.2
10 10 92.54 2.87 3.1
11 10 88.11 2.47 2.8
13 5 90.23 3.85 4.3
14 10 89.36 2.79 3.1
15 10 85.73 1.59 1.9
16 10 90.26 1.95 2.2
17 10 93.94 2.43 2.6
18 10 88.66 2.47 2.8
19 10 90.94 4.21 4.6
21 9 92.59 2.65 2.9
23 10 88.98 3.63 4.1
24 10 85.03 3.99 4.7

Overall 202 89.46 4.11 4.6

Subject n
ARS peak (Hz)

Mean SD COV(%)
1 9 80.01 4.27 4.9
2 10 86.05 3.96 4.6
3 10 84.21 2.16 2.6
4 10 80.92 1.41 1.7
5 10 81.41 2.82 3.5
6 9 77.43 2.03 2.6
7 10 80.43 1.34 1.7
8 10 91.90 2.16 2.3
9 10 82.26 2.95 1.4
10 10 88.36 2.39 2.7
11 10 78.11 2.88 3.7
13 5 83.48 4.10 4.9
14 10 84.87 3.70 4.4
15 10 78.92 1,93 2.5
16 10 83.11 1.95 2.3
17 10 89.58 1.93 2.1
18 10 84.46 3.25 3.8
19 10 88.85 2.87 3.2
21 9 92.22 5.04 5.5
23 10 84.58 3.36 4.0
24 10 78.72 3.95 5.0

Overall 202 83.81 5.17 6.2

Subject n

Power In ARS peak

Mean SD COV(%)
1 9 2.55 1.83 71.6
2 10 1.05 1.71 162.6
3 10 -0.60 1.46 243.8
4 8 -0.12 3.13 2580.0
5 10 1.00 2.32 231.6
6 9 -6.96 1.91 31.5
7 10 -6.97 1.00 14.4
8 10 4.76 1.77 37.2
9 10 -2.50 1.16 46.4
10 10 -0.91 3.42 377.5
11 10 -0.10 1.46 1459.6
13 5 -1.64 4.21 256.9
14 10 -0.50 1.60 322.0
15 10 -4.50 1.07 23.9
16 10 -2.42 1.74 72.1
17 10 -2.12 1.92 90.7
18 10 -4.33 6.48 149.6
19 10 -0.54 2.78 512.2
21 9 0.34 2.54 749.8
23 10 -0.89 4.01 451.1
24 10 -2.35 2.53 107.7

Overall 195 -1.31 3.68 281.6

Table 6.7 Means, standard deviations (SD) and 

Coefficient of Variation (COV%) for WPC for 

all tests in reproducibility test series.

Table 6.8 Means, standard deviations (SD) and 

Coefficient of Variation (COV%) for ARS for 

all tests in reproducibility test series.

Table 6.9 Means, standard deviations (SD) and 

Coefficient of Variation (COV%) for Power in 

ARS peak (PowerARS) for all tests in 

reproducibility test series.
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Subject n
FBu (Hz)

Mean SD COV (%)
1 9 81.6 8.02 9,8
2 9 90.6 6.85 7,6
3 10 87.6 7.48 8.5
4 10 77.1 4.12 5.3
5 9 80.3 3.09 3.9
6 9 79.2 4.07 5.1
7 10 71.0 7.22 10.2
8 10 94.7 2.99 3.2
9 10 85.7 4.67 5.4
10 8 93.4 3.87 4.1
11 10 75,9 8,08 10.6
13 5 87.0 13,11 15.1
14 10 88,4 7,00 7.9
15 10 79.1 6.02 7,6
16 10 81,1 3.01 3.7
17 10 94,3 3.85 4,1
18 8 84,2 5.98 7.1
19 10 88,6 6.99 7,9
21 8 96.5 3.55 3.7
23 10 84.5 9.99 11.8
24 10 77.9 6.04 7.8

Overall 195 84.5 9.04 10.7

Subject n
FBa (Hz

Mean SD COV(%)

1 9 83.0 6.02 7.2
2 9 84.9 4.20 4.9
3 10 83.8 6.92 8.3
4 10 83.3 1.89 2.3
5 9 83.0 2.51 3.0
6 9 78.9 2.44 3.1
7 10 81.4 1.90 2.3
8 10 91.8 5.10 5,6
9 10 84.0 2,81 3,4
10 8 88.8 1,24 1,4
11 10 80,1 4,49 5,6
13 5 85,9 12.40 14,4
14 10 88,1 7.29 8.3
15 10 77,4 2.51 3.2
16 10 82.4 1.75 2.1
17 10 89.7 2.95 3.3
18 8 85.0 3.71 4.4
19 10 89.0 5.77 6.5
21 8 99.5 5.60 5.6
23 10 86.8 3.84 4.4
24 10 79.7 4.63 5.8

Overall 195 84.9 6.51 7.7

Subject n
NBu (Bursts per sec)

Mean SD COV (%)
1 9 5.18 1.61 31.1
2 9 5.07 1.68 33.1
3 10 5.75 1.73 30.1
4 10 4.29 1.14 26.5
5 9 4.31 0.85 19.8
6 9 4.24 1.52 35.9
7 10 2.72 0.70 25.8
8 10 91.8 5.10 5.6
9 10 4.92 1.17 23.7
10 8 4.61 1.98 43.1
11 10 5.13 1.21 23.5
13 5 3.80 1.54 40,6
14 10 2.51 0.72 28,7
15 10 4.67 0.83 17.7
16 10 5.46 0.79 14.5
17 10 5.88 1.38 23.5
18 8 5.11 1.67 32.6
19 10 4.67 1.79 38.4
21 8 4.13 0.62 14.9
23 10 4.01 1.47 36.7
24 10 4.52 1.80 39.9

Overall 195 4.61 1.56 33.8

Table 6.10 Means, standard deviations (SD) 

and Coefficient of Variation (COV%) for FBu 

(Frequency of Bursts, Hz) for all tests in 

reproducibility test series.

Table 6.11 Means, standard deviations (SD) 

and Coefficient of Variation (COV%) for FBa 

(Frequency of 'Baseline' (Hz)) for all tests in 

reproducibility test series.

Table 6.12 Means, standard deviations (SD) 

and Coefficient of Variation (COV%) for NBu 

(Number of Bursts per second) for all tests in 

reproducibility test series.
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Subject

BSPR (ratio)

n Mean SD COV (%)
1 9 0.89 0.13 15.1
2 9 0.71 0.19 26.4
3 10 0.76 0.09 11.3
4 10 0.92 0.10 10.9
5 9 0.84 0.30 35.4
6 9 0.98 0.12 12.3
7 10 1.16 0.17 14.2
8 10 0.63 0.12 19.1
9 10 0.77 0.10 12.8
10 8 0.58 0.09 14.8
11 10 1.07 0.16 14.6
13 5 0.96 0.12 12.3
14 10 0.76 0.11 14.6
15 10 0.92 0.09 9.7
16 10 0.79 0.11 13.6
17 10 0.59 0.06 10.9
18 8 0.67 0.15 22,9
19 10 0.65 0.14 21.6
21 8 0.69 0.08 11.6
23 10 0.78 0.11 14,5
24 10 0.89 0.20 21.9

Overall 195 0.81 0.20 25.1

Subject n

PROBa (ratio)

Mean SD COV (%)
1 9 80.9 8,06 10.0
2 9 79,9 7,53 9.4
3 10 77.5 7.08 9.1
4 10 84,0 4.93 5.9
5 9 83.7 3.49 4.2
6 9 83.4 6.62 7.9
7 10 90.1 2,56 2.8
8 10 80,4 4,86 6.0
9 10 81.3 7.87 9.7
10 8 79.7 5.12 6.4
11 10 85.5 6,59 7.7
13 5 91.2 2,82 3.1
14 10 81.9 3,67 4.5
15 10 78.4 3.85 4.9
16 10 81.1 7.16

0000

17 10 76,9 5.68 7.4
18 8 80.7 6,30 7.8
19 10 81.8 7,59 9.3
21 8 84.3 2,32 2.8
23 10 83.8 5.88 7.0
24 10 81.4 7.26 8,9

Overall 195 82.1 6.52 7.9

Subject n

MDBu (ms)

Mean SD COV (%)
1 9 38.6 2.26 5.9
2 9 39.0 3.03 7.8
3 10 39.1 1.87 4.8
4 10 36.9 3.43 9.3
5 9 37.7 1.29 3.4
6 9 38.4 2.73 7.1
7 10 36.7 2.61 7.1
8 10 39,8 3.20 8.0
9 10 40,8 9.10 22.3
10 8 39,4 2.69 6.8
11 10 37,8 2.42 6.4
13 5 34,7 3.29 9.5
14 10 38,6 2.61 6.8
15 10 39.3 2.75 7.0
16 10 38.6 1.49 3.9
17 10 39.2 1.43 3.6
18 8 37.7 1.20 3.2
19 10 38.4 3.15 8.2
21 8 38,0 2.32 6.1
23 10 40,4 1.65 4.1
24 10 42,6 10.60 24.9

Overall 195 38.8 4.02 10.4

Table 6.13 Means, standard deviations (SD) 

and Coefficient of Variation (COV%) for BSPR 

(ratio of low  to high frequency in recording) 

for all tests in reproducibility test series.

Table 6.14 Means, standard deviations (SD) 

and Coefficient of Variation (COV%) for 

PROBa (Proportion of record occupied by 

'Baseline' (%)) for all tests in reproducibility 

test series.

Table 6.15 Means, standard deviations (SD) 

and Coefficient of Variation (COV%) for 

MDBu (mean duration of burst periods (ms)) 

for all tests in reproducibility test series.
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Subject

MDBa (ms)

n Mean SD COV (%)
1 9 150 54.4 36.3
2 9 146 60.6 41.5
3 10 131 76.2 58.1
4 10 177 57.4 32.5
5 9 162 33.9 20.9
6 9 176 66.3 37.7
7 10 254 73.6 29.0
8 10 142 35.2 24.8
9 10 176 103.2 58.7
10 8 136 34.9 25.7
11 10 199 77.5 38.9
13 5 272 76.1 27.9
14 10 149 36.7 24.6
15 10 124 21.9 17.7
16 10 164 105.4 64,2
17 10 118 37.9 32.0
18 8 147 64.4 43.9
19 10 170 99.6 58.5
21 8 166 21.2 12.8
23 10 185 73.7 39.8
24 10 174 94.7 54.3

Overall 195 166 72.9 44.0

Table 6.16 Means, standard deviations (SD) 

and Coefficient of Variation (COV%) for MDBa 

(mean duration of interburst period (ms)) for 

all tests in reproducibility test series.
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Effect of contaminated traces on variability in OMT parameter estimation

T he effect of rem oval of traces con tam inated  by  50H z in terference from  the 

rep ro d u cib ility  test series is seen  in  the d ifference in  subject COV%  for all param ete rs  

(Table 6.17). For exam ple, for the p a ra m ete r FBu, the  overall COV d ecreased  from  13.5 to 

10.7% follow ing rem oval of con tam inated  traces. In d iv id u a l subject CO V s show ed  m ore 

d ram a tic  reductions; for four subjects FBu COV% decreased  from  17 to  7.6%, 13.5 to 3.9%, 

12.8 to 4.1%, and  from  18.7 to 3.9% respectively . H ow ever, for traces w ith  no  

m icrosaccades, COV% increased sligh tly  (from  6.4 to  7.1%) after rem oval of traces 

con tam inated  w ith  50H z in terference. For these con tam inated  traces w ith  no 

m icrosaccades, the O M T b u rs t param ete rs es tim ated  w ere sim ilar to those from  n o n 

co n tam in ated  traces for the sam e subject. In contrast, for the o th e r traces con tam inated  

w ith  50H z noise at least one m icrosaccade w as p resen t in each trace.

OMT Param eter Type OMT Param eter

Param eter COV %

All traces Clean traces 

(n = 210) (n = 195)

WPC 4.8 4.6
Total Spectral Frequency Param eters

ARS 6.7 6.2

PowerARS 280.8 306,3

Fbu 13.5 10,7
Burst Frequency Param eters

Nbu 39.6 33,8

Fba 12.4 7.7

BSPR 41.7 25.1

PROBa 9.9 7.9

MDBu 10,7 10.4

MDBa 54.3 44.0

T able 6.17 C om parison  of overall COV% for to ta l spectral and  b u rs t frequency  param ete rs 

for all d a ta  an d  for d a ta  afte r rem oval of co n tam inated  traces.
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Effects of Experim ental Factors and Covariates on OM T Param eters - M ixed Effects 

ANOVA

The optim al m odel structure for the univariate mixed effects ANOVA for one param eter 

(WPG) and related inform ation criteria are show n in Figure 6.7 and 6.8, as an example. 

None of the fixed factors contributed significantly to variability in the data for any of the 

param eters (Table 6.18), except in the case of BSPR.

For BSPR, the mixed effects ANOVA revealed a significant effect of the factor LOCATION 

(F(l, 120.1) = 4.386, p = 0.038). Post-hoc t-tests revealed that OMT BSPR (ratio of LF to HF 

in the OMT frequency spectrum ) vi^as significantly low er in the laboratory com pared to 

the non-laboratory location (mean difference betw een estim ated m arginal m eans = 0.097, 

SEM 0.046, 95% Cl for difference (0.005, 0.189), Bonferroni-corrected). This difference is 

small relative to the overall m ean for BSPR am ong all data (mean 0.810, SD 0.200)), and is 

lower than the average subject COV% (16.2%, or 0.130 BSPR).
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Model Dimension

Number 
of Levels

Covariance
Structure

Number o 
Parameters

Subject
Variables

Fixed Effects Intercept 1

LOCATION 2

TIME 3

EYE 2

LOCATION '  EYE 4

T IM E * EYE e

Random Effects Intercept + MS + 
HR + Uix* 4

Residual

Tctal 22

Variance
Components

2

4

1

13

SUBJECT

Figure 6,7 M ixed m odel structure fo r re p ro d u c ib ility  m ixed effects A N O V A  (SPSS 

ou tpu t).

information Criteria

-2 Restricted Log Likelihood 750,543

Akaike's Information Criterion (AlC) 760,543

Hurvich and Tsai's Criterion (AlCC) 760,984

Bosdogan’s Criterion (CAIC) 780,322

Schwarz's Bayesian Criterion (BIC) 775,322

Tl'ie information criteria are displayed in smaller-is-better forms.

F igure 6.8. In fo rm a tion  crite ria  fo r m odel in  F igure 6.7 fo r the example o f the parameter 

W PC (SPSS output).
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Fixed effects F-tests Estimates of Covariance Parameters
LOCATION TIME EYE (Variance Components)

Parameter n df F-test Sig- df F-test Sig. df F-test Sig. Intercept MS HR Lux

WPC 202 (1, 62.4) 1.093 0.300 (2,123.8) 0.528 0.591 (1, 99.8) 0.117 0.733 8.9720 0.0109 0.00000 0.00003

ARS 202 (1,117.1) 2.097 0.150 (2,127.5) 0.526 0.593 (1, 108.7) 0.130 0.719 9.5510 0.0373 0.00000 0.00014

PowerARS 202 (1.129.6) 0.866 0.354 (2,123.0) 0.055 0.946 (1, 123.4) 0.040 0.842 4.8610 0.0000 0.00046 0.00000

FBu 195 (1, 63.3) 0.023 0.881 (1, 122.0) 0.673 0.512 (1, 111.6) 0.077 0.782 25.9230 0.0657 0.00000 0.00009

FBa 195 (1,121.3) 0.452 0.503 (2, 120.9) 0.744 0.477 (1- 107.8) 0.040 0.842 16.6140 0.0453 0.00000 0.00000

N8u 195 (1,130.2) 0.076 0.783 (2, 120.1) 0.891 0.413 (1, 110.7) 0.015 0.901 0.4445 0.0006 0.00000 0.00000

PROBa 195 (1,130.5) 0.179 0.673 (2, 119.2) 0.470 0.626 (1, 112.9) 0.003 0.956 7.5755 0.0069 0.00000 0.00000

BSPR 195 (1,120.1) 4.386 0.038 (2, 120.9) 0.852 0.429 (1, 105.1) 1.490 0.225 0.0186 0.0001 0.00000 0.00000

MDBu 195 (1,132.7) 1.085 0.299 (2, 123.8) 0.805 0.450 (1, 118.2) 0.304 0.583 0.0000 0.0239 0.00000 0.00000

MDBa 195 (1,110.6) 0.011 0.916 (2, 117.4) 2.059 0.132 (1, 99.1) 0.603 0.439 784.1496 2.9178 0.00000 0.00292

Table 6.18 M ixed effect model F-statistics and p-values for the fixed factors for all parameters and estimates of variance components of covariates number 

of microsaccades (MS), heart-rate (HR) and ambient ligh t level (Lux), w ith  the model intercept included for comparison. (F-statistics fo r interaction terms 

not shown).
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Subject Variance and Unexplained Error in the Recordings

The results of the 'Variance components' analysis, using the restricted maximum 

likelihood method (REML) (with LOCATION, TIME and EYE as fixed factors and 

SUBJECT as a random  factor) are shown in Table 6.19. The covariates microsaccades, 

heart-rate and ambient light level were not included as their contribution to the 

variability of the param eters was zero or negligible (see Table 6.19, estimates of 

covariance parameters).

As an example the analysis of variance components for WPC is described. The model 

converged at the sixth iteration, and the variance estimates for the terms included in 

the model after convergence are shown (Table 6.20). The variance estimate for 

SUBJECT (Var(SUBJECT)) is 8.71 (95% Cl 2.03,15.39). Therefore the SUBJECT effect 

explains [8.71 / (8.71 + 6.21)] = 58.4% of the random variation. Tbe remaining 41.6% of 

the random  variation is unaccounted for in the model and is due to some other 

unknow n variability factors. Very little variation is due to interactions between 

SUBJECT and EYE or SUBJECT and TIME. The variance estimates (Var(SUBJECT), 

and their 95% CIs) for the other variables are summarised in Table 6.20 (variance due 

to other components in model not shown).

Table 6.19 shows the % of error due to subject variability for the different parameters. 

The remaining error is 'unexplained' by the model (model = fixed (LOCATION, TIME 

and EYE) and random  (SUBJECT, and SUBJECT interactions) factors), and is due to 

some other unknow n variability factors not accounted for in the model. The 

comparison of error explained and unexplained by the model for each parameter is 

shown graphically in Figure 6.9.

For the peak frequency parameters, variability in WPC and ARS are largely explained 

by subject variability, with only 41% and 31% of the error unexplained by the model 

w ith fixed (LOCATION, TIME and EYE) and random  (SUBJECT, and SUBJECT 

interactions) factors. By comparison, variability in PowerARS is not explained by the 

model (62% random  error unexplained).

For the burst parameters, the model performs relatively well for FBu, FBa and BSPR,

with unexplained error of 47%, 48% and 50% respectively. The model does not
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perform well for NBu, PROBa, MDBa or MDBu, and these parameters have large 

amounts of unexplained error (between 91% and 98%).

Standard Error of M easurem ent and Smallest Real D ifference

Five param eters had an SEM% of less than 10% under reproducibility conditions: 

WPC (2.8%), ARS (3.3%), FBa (4.9%), PROBa (6.6%), and FBu (7.3%). WPG also 

dem onstrated the smallest SRD% (7.7%), followed by ARS (9.1%), FBa (13.5%), PROBa 

(18.3%) and FBu (20.1%). The other parameters have unacceptably high SRD% values 

(28% - 571.1%).
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P a ra m e te r

V ariance

E stim ate SEV

95%  Cl fo r  V ariance  

E stim ate

Cl Lower Cl H igher

E rror d u e  to  su b je c t 

v a riab ility  [ %  of 

to ta l  ra n d o m  e rro r)

S pectral WPC 8.71 3 .409 2.32 15.20 58.8
F requency

ARS 16.83 6 .132 4.81 28.85 69.0
P a ra m e te rs

PowerARS 6.67 2 .354 2 .36 11.38 37.6

B urst Fbu 42 .4 15.43 12.19 72.65 53.1
P a ra m e te rs

Nbu 0 .173 0 .305 -0.425 0 .771 9.1

BSPR 0 .0175 0 .0074 0 .0025 0 .0316 50.4

Fba 18.03 7.93 2.49 33.56 51.7

PROBa 2.56 5 .543 -8.30 13.43 8 .0

MDBa 163 .62 619 .3 -1050 .2 1377 .4 4 .0

MDBu 0 .395 1.148 -1.85 2.64 2.5

Table 6.19 Summary of variance estimates from variance components analysis for all 

OMT parameters (SPSS Variance Components procedure, method: Restricted 

M aximum Likelihood Estimation). SEV: Standard error of variance estimate.

C o m p o n e n t

V ariance

E stim ate

E rror d u e  to  su b je c t 

v a riab ility  (% of to ta l  

ra n d o m  e rro r)

SE of V ariance  o f 

e s t im a te

Var(SUBJECT*LOCATION) 0 .615

Var(SUBJECT * TIME) 0 .507

Var(SUBJECT * EYE) 1.117

Var(SUBJECT) 8 .710 58.4% 3.409

V ar(Error) 6 .208

Table 6.20 Variance estimates from variance components analysis for WPC produced 

by SPSS Variance Components procedure (method; Restricted Maximum Likelihood 

Estimation), showing variance estimates for the SUBJECT term and interactions with  

fixed factors in the model.
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■  % Error Unexplained

WPC ARS Power FBu NBu BSPR FBa PROBa MDBa MDBu 
ARS

OMT Parameter

Figure 6.9 Comparison o f unexplained random  error in  modeled O M T parameters.

OMT

parameters

Overall mean 
of

reproducibility
tests

Between-
subject

variance

W ithin-
subject

variance ICC

Absolute reliability indices

SEM SEM% SRD SRD%

WPC (Hz) 89.46 8.710 6.208 0.584 2.5 2.8 6.9 7.7

ARS (Hz) 83.81 16.826 7.563 0.690 2.8 3.3 7.6 9.1
PowerARS (dB) -1.31 6.669 7.284 0.478 2.7 -206.0 7.5 -571.1
FBu (Hz) 84.5 42.420 37.490 0.531 6.1 7.3 16.9 20.1

FBa (Hz) 84.9 18.029 17.206 0.512 4.2 4.9 11.5 13.5
NBu (bursts/s) 4.61 0.173 1.724 0.091 1.3 28.5 3.6 78.9

PROBa (ratio) 82.1 2.563 29.38 0.080 5.4 6.6 15.0 18.3

BSPR (ratio) 0.81 0.01705 0.01676 0.504 0.13 15.9 0.36 44.3
MDBu (ms) 38.8 0.395 15.497 0.025 3.9 10.2 10.9 28.1
MDBa (ms) 166 163.6 3966.9 0.040 62.9 37.9 174.6 105.2

Table 6.21 Test-retest rep roduc ib ility  fo r O M T parameters (n = 202 fo r spectral 

parameters, and 195 fo r burst parameters).

ICC = (between-subject variance / (between-subject variance + w ith in-subject variance) 

SEM = (Vwithin-subject variance = V((total variance)*(l-ICC)) 

SEM% = (SEM/mean of repeated measurements)*100 

SRD% (SRD/mean o f test-retest measurements)*100)
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6.5 Discussion

The repeatability and reproducibility of established and novel OMT signal analysis 

techniques were investigated. OMT frequency estimates obtained using the new 

system (peak count 87.3Hz, SD 5.0Hz), were similar to previous reports in healthy 

subjects (Bolger et al., 1999b), reported as 83.7Hz (SD 5.8Hz). Mean OMT peak 

frequency for the repeatability and reproducibility series were 87.3Hz (SD 5.0Hz) and 

89.5Hz (SD 4.1Hz) respectively. Peak frequency estimated via ARS peak was slightly 

lower (82.9Hz and 83.8 Hz respectively), but WPC and ARS peak were highly 

correlated.

'Burst' and 'baseline' portions of the recordings do not appear to be well differentiated 

on the basis of frequency in healthy subjects in this study -  the ARS spectral peak 

frequency of burst and baseline (FBu and FBa) were almost identical for both series, 

their means differing by O.lHz and 0.4Hz for the repeatability and reproducibility 

series respectively, and these param eters are relatively well correlated, and are highly 

correlated with ARS peak (which is the same spectral analysis applied to the entire 

signal). For repeatability and reproducibility series, on average baseline made up 82- 

84% of the records (PROBa), there were 4-5 'bursts' per second (NBu), 'burst' and 

'baseline' periods (MDBu, MDBa) were of 38ms and 192ms duration on average in 

repeatability tests and 39 and 166ms duration in reproducibility test. Unsurprisingly, 

PROBa and MDBa were highly positively correlated, indicating that records with 

greater proportion of baseline had longer baseline segments. The average spectral 

power ratio was 0.874, indicating greater spectral pow er in low compared to high 

frequencies.

Location and time of day of testing did not have a significant effect on any of the OMT 

parameters, except BSPR. BSPR was slightly lower in the laboratory compared to the 

non-laboratory location. However the difference was small (mean 0.097, 95% Cl 0.005 

-  0.189) and is much smaller in m agnitude than the SRD (0.36). A change less than the 

SRD in m agnitude can be considered 'm easurem ent noise'. So this is unlikely to be 

meaningful in the context of clinical studies.
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Among all the OMT parameters, the peak frequency estimates showed the highest 

reliability under test-retest conditions in terms of ICCz,! (0.81 and 0.82 for WPC and 

ARS peak) and COV% (between 4 and 7% for WPC and ARS peak under repeatability 

and reproducibility conditions). The 95% LOA for WPC was (-6.4, +8.7 Hz) and for 

ARS was (-6.8, +9.6). Under reproducibility conditions, the SEM% and SRD% for WPC 

were 2.8% and 7.7%, and for ARS were 3.3% and 9.1%.

FBa had an ICC2,i of 0.69 and relatively low COV% under repeatability (7.3%) and 

reproducibility (7.7%) conditions. The 95% LOA for FBa was (/0.89, “̂1.18) (here LOA is 

correctly reported as a ratio rather than a percentage as it was calculated from natural 

log-transformed data, and transformed back to the original FBa units ).

BSPR also had an ICC of > 0.6, the cutoff suggested for a param eter to be useful 

(Chinn, 1991), but had a relatively high COV%, which was 25% under both 

repeatability and reproducibility conditions.

PowerARS, while having a reasonably good ICC^i (0.63) had had a greater proportion 

of unexplained error in variance components analysis than the frequency peak 

estimates, and had unacceptably high variability in terms of COV%.

The burst parameters MDBu, PROBa and FBu also had relatively low variability (all 

had COV% <=11 under repeatability and reproducibility conditions). However, their 

reliability in terms of ICCzi was low, probably due to relatively low sample 

heterogeneity.

NBu and MDBa also had low reliability in terms of ICC^i (<0.6), probably due to high 

random  variation of these parameters, reflected in their high COV% (34 and 44% in 

reproducibility series respectively). This means it w ould be more difficult to detect a 

real change in these param eters in clinical studies.

NBu, MDBa and Power in the ARS peak were highly variable under repeatability and 

reproducibility tests.

PowerARS, NBu, PROBa, MDBa and MDBu also had relatively large amounts of

unexplained error on variance components analysis (i.e. error not due to between-
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subject variability), which was not explained by the factors or covariates tested in the 

reproducibility series. Therefore these burst param eters (as defined and calculated for 

this study) are relatively unreliable and some unknow n errors are present in the data 

which are not accounted for by the modeled factors. This could also indicate the 

presence of measurement noise, or that these param eters are random  physiologic 

phenomena.

Bland-Altman plots for the repeatability series afford a visual interpretation of 

measurement error variability, and none of the param eters showed heteroscedasticity. 

The param eter MDBa has an apparent upw ard sloping scatter, with greater variability 

for higher average measurements, suggesting heteroscedasticity, however correlation 

between difference and the average was not significant. Again, this implies the need 

for caution in the analysis of MDBa.

The measurement error of a single observation at a given point in time can be 

quantified in terms of SEM, and is used to estimate the boundaries within which a 

subject's true measurement lies. A real change in an OMT param eter between test and 

retest sessions can be defined in terms of the change in measurement and its degree of 

error (SRD). When a change in an OMT param eter is greater than the SRD, 

investigators can be confident a real change has occurred, with a 95% CL Looking at 

SRD comparatively (as % of mean), five param eters had an SRD% of 20% or less:

WPC, ARS, FBa, PROBa, and FBu. The other param eters have unacceptably high 

SRD% values (28% - 571.1%). The change in score between tests considered a 'real 

change' (SRD) under reproducibility conditions (i.e. simulating the situation in clinical 

tests), for these OMT param eters were: WPC +/- 6.9Hz, ARS +/- 7.6Hz, FBa +/- 11.5Hz, 

PROBa +/-15%, FBu +/- 16.9Hz. The SRD for BSPR was +/- 0.36.

While the SRD is im portant in ascertaining whether the m agnitude of an effect is 

clinically important (a change must be larger than the SRD to be considered im portant 

or meaningful), the SRD is not equivalent to a 'clinically im portant change'. In 

situations where a clinically im portant change is deemed present, and the change in a 

param eter is smaller in size than the defined SRD, other parameters with a low 

enough SRD should be used to assess the change.
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Overall, the param eters likely to be most responsive to a real change in OMT in 

clinical studies are W PQ ARS peak and FBa. These param eters are highly correlated 

and may all essentially measure the same reliable phenomenon, i.e. OMT peak 

frequency. In addition, BSPR, PROBa and FBu performed moderately well for some 

reliability indices and are therefore worth further study. They are not as well 

correlated and may relate to different OMT characteristics. PowerARS, NBu, MDBa 

and MDBu had poor reliability taking into account ICC2,i, largest measurem ent errors 

and responsiveness to change.

Validity of abstract variables or parameters derived from biological signals has three 

main considerations (Hulley et al., 2006): predictive validity (does the variable 

successfully predict an outcome of interest?), criterion-related validity (does the 

variable agree with other approaches to measure the same characteristic?) and face 

validity (does the variable make sense intuitively?). While predictive validity is most 

substantive and convincing it is often not practical or feasible, and it cannot be 

assessed for the novel parameters used in this study, but will be examined in studies 

later in this thesis. Criterion-related validity is next best, and can be considered here 

for the OMT spectral peak parameters -  the current results are in broad agreement 

with previous reports of OMT frequency peak and spectral parameters. The 

established parameters have face validity -  they are derived from observations made 

on OMT recordings by many authors (Sheahan et al., 1994). Novel param eters are all 

derived from established parameters, albeit using different ways of expressing the 

spectral frequency content of the signal or of parts of the signal (such as bursts). Face 

validity, although subjective, is satisfactory with good experimenter judgem ent 

(Hulley et al., 2006).

Microsaccades during OMT testing

There was variability in the num ber of microsaccades occurring in a trace between 

subjects and between test sessions, ranging from 0 to 41 microsaccades in 15 seconds, 

equivalent to 0 -1 6 4  microsaccades per minute. This emphasizes the importance of a 

reliable m ethod of microsaccade removal from traces, without distorting the traces. 

The new wavelet Gabor transform was effective for removal of microsaccades from 

the traces, since the num ber of microsaccades per trace was not found to be an 

im portant covariate for any of the modeled OMT parameters.
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Heart-rate during OMT testing

Subjects' mean heart rate during OMT recording was 62 b.p.m. (repeatability) and 64 

b.p.m. (reproducibility), and the highest recorded heart-rate was 91 b.p.m. This is 

within recorded normal ranges of heart rate for subjects resting in a supine position, 

reported as 53 -  92 b.p.m. with a m ean of 69 b.p.m (Smith and Smith, 1981).

The 'oculocardiac reflex' or Aschner phenom enon (Dewar and W ishart 1976) is a 

subtype of the trigemino-cardiac reflex. The trigemino-cardiac reflex is the sudden 

onset of parasympathetic dysrhythmia, sympathetic arterial hypotension, apnoea or 

gastric hypermotility on stimulation of sensory branches of the trigeminal nerve 

(Schaller, 2004). A triad of bradycardia, nausea and fainting may occur in response to 

direct pressure on the eyeball or empty orbit, or traction on the extra-ocular muscles 

(especially the medial rectus), typically during strabismus surgery. When pressure is 

exerted on the eye, the ophthalmic branch of the trigeminal nerve (afferent limb) is 

stimulated, the reflex is processed through the brain stem via the Gasserian ganglion, 

the sensory nucleus of the trigeminal nerve, the short internuncial fibres in the 

reticular formation to the motor nucleus of the vagus (Schaller, 2004). The vagus nerve 

(efferent limb) is activated, resulting in bradycardia, vasodilation and hypotension. A 

decrease in heart rate of 10% or more is considered a positive response (Dewar and 

Wishart, 1976). Cardiac dysrhythmia, up to and including asystole, may also occur 

due to the reflex. The reflex may be attenuated intraoperatively by intravenous anti- 

vagolytic agents such as atropine.

Bilateral eyeball compression causes a decrease in heart rate of 6 b.p.m. (95% Cl 3.1 -  

9.2 b.p.m.) (Berk et al., 1991). Experimental application of 40mmHg pressure to one 

eye for 30 seconds using a Honan balloon in 37 hum an subjects in a supine position 

resulted in a mean 11% decrease in heart rate (range 0 -30%  decrease) (Arnold, 1999).

The OMT testing procedure could potentially cause phobic or anxiety reactions in 

subjects. These reactions would cause tachycardia, hyperpnoea, sweating and 

palpitations which w ould reduce or eliminate the oculocardiac effect.
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D isto rtion  and  50Hz In te rfe rence  in  traces

A relatively h igh proportion  of record ings (4.6% overall betw een repeatability  and 

reproducibility  series) w ere d iscarded  due  to problem s during  recording or distortion 

of traces.

4.1% of recordings betw een the tw o series w ere contam inated by 50Hz interference. 

These recordings could be included  in peak frequency analyses, after using  a 50Hz 

notch filter. C ontam inated  traces d id  no t differ significantly from  filtered 

uncontam inated  traces in  term s of peak frequency estim ates. H ow ever, 'b u rs t' 

param eters are no t stable in the presence of 50Hz interference. C ontam inated  records 

inflated subject COV% for all OM T 'b u rs t' param eters. Of note there w as some 

in teraction betw een 50Hz interference and m icrosaccades in the estim ation of burst 

param eters: for traces w ith  no m icrosaccades, COV% increased after rem oval of 

contam inated traces and  estim ates of OMT burst param eters w ere sim ilar to those 

from  non-contam inated  traces for the sam e subject.

O verall 8.7% of recordings (4.6% d u e  to distortion and 4.1% due to 50Hz interference) 

w ere no t included  in the bu rst param eter analyses. This is an im portan t consideration 

for sam ple size calculation for fu tu re  OMT studies using this system  -  investigators 

should  use slightly larger sam ple sizes for peak frequency estim ation (increase sam ple 

size by 5% to allow  for d isto rted  traces) and burst param eter estim ation (increase 

sam ple size by 9% to allow  for d isto rted  traces and 50Hz interference). Furtherm ore, 

operators should  be cognizant of d istortion  of traces du ring  recording, and reduce 

d isto rtion  w here possible by instructing  subjects appropria tely  d u ring  recording. 

W here subjects are poorly  cooperative and w here d istortion  is apparen t during  

recording, the recording m ust be d iscarded  and  a repeat recording m ade. O therw ise, 

analysis of d isto rted  traces in  clinical studies could lead to abnorm al trace 

characteristics, w hich are d u e  to  d istortion  of the trace, being ascribed to a disease or 

treatm ent.

L im itations

The reliability of a m easurem ent device (or diagnostic test) is not a set function of that

device, ra ther it depends on the conditions, setting and  m anner of use in  a specific

situation, as w ell as the subjects w hich it is used  to assess (D unn 1989 p .61). H ence the

'generalisab ility ' aspect of this s tudy  is im portan t in term s of defining reliability of the
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technique for use in future studies conducted under various settings and conditions. 

For conditions likely to be controllable by investigators in future studies (e.g. location 

of test), fixed effects models were used. Conditions likely to vary randomly in future 

studies, such as level of background illumination and num ber of microsaccades per 

trace, were modeled as random  effects in the ANOVAs. 'Subject' was also modeled as 

a random  factor. However, the relatively homogenous sample of volunteers in this 

study may still limit generalization of the results. Clinical studies involving frail or 

institutionalized, or otherwise systematically different individuals, may show 

different OMT characteristics. Therefore the estimates of measurement error and 'real 

change' should be treated as estimates rather than fixed quantities, where the 

population under study is different to the sample used here.

Caffeine intake was not standardized between subjects, and could potentially have 

added to variability in the measurements. Subjects' caffeine intake was estimated 

based on subject questioning and analysed as a covariate, however these estimates are 

subjective by nature. In the clinical scenario, it is likely that caffeine intake will not be 

standardisable, particularly for OMT measurements made acutely, for example as 

soon as possible after an acute stroke. For this reason it was desirable to have caffeine 

intake as a random  covariate in this study. However, the effect of caffeine cannot be 

determined in this design, and requires investigation separately (see Chapter 8).

This study was not a full 'reproducibility' study, since only one operator took part. 

This was considered a reasonable approach since all OMT recordings in this work are 

performed by one operator (the author). If multiple operators are employed in future 

studies a reproducibility study should be conducted to establish variability with 

multiple operators.

The reliability study aimed to quantify sources of variability in OMT measurements.

Potential sources of variability in OMT measurements can be considered in terms of

intrinsic subject factors, extrinsic factors and equipm ent variability factors. 'Intrinsic'

subject factors may include age, gender and the subject's general state of relaxation or

anxiety. 'Extrinsic' factors due to external events and the environment may include

time of day, ambient lighting, acute effects of substances such as caffeine and alcohol,

the subject's direction of gaze, accommodative effort and ocular muscle fatigue and

current events impacting the subject's attention or arousal level. Equipment variability
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factors include procedural factors such as the eyelid taping, the headset positioning, 

the variability between different probe tips and the variability due to signal 

transduction, processing and analysis. Some of these sources of variability were 

standardized rather than quantified, as accurate quantification of all sources of 

variability w ould have required a massive sample size to be adequately powered.
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6.6 Conclusions

In summary, taking into consideration all the reliability indices, the param eters likely 

to be most responsive to a real change in OMT in clinical studies are WPC, ARS peak 

and FBa. These param eters are highly correlated and may all essentially measure the 

same reliable phenomenon, i.e. OMT peak frequency. In addition, BSPR, PROBa and 

FBu perform ed moderately well for some reUabiUty indices and are therefore w orth 

further study. They are not as well correlated and may relate to different OMT 

characteristics.

The establishment of the reliability of OMT parameters in normal subjects allows 

investigators in future studies using this system to determine whether a significant 

change in OMT has occurred with a 'treatm ent', a given pathology or disorder. The 

reproducibility study suggests a difference of at least 7Hz (Smallest Real Difference) in 

OMT frequency peak count should be considered a "real difference" in clinical terms.

We can conclude that diurnal variation, test location and typical caffeine intake are 

unlikely to significantly confound measurements in patients, and tests can thus be 

performed in clinical studies without undue unconcern over control of testing 

conditions.
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Chapter 7

Effect of Acute Alcohol Intoxication on OMT

7.1 Introduction

OMT activity is thought to be related to arousal at the level of the brainstem reticular 

formation (Coakley, 1983a, Bolger et a l, 1999a), as reviewed in chapter 2. As such 

OMT is a potentially useful measure of brainstem integrity in conditions including 

head injury, coma and brainstem death. Alcohol is a common confounding factor in 

these conditions (Carroll et al., 2004). While identification of alcohol intoxication in 

emergency departm ents and intensive care units is relatively straightforward, the 

presence of alcohol intoxication can complicate the interpretation of neurological 

impairment in these conditions. In some acute situations, differentiating between 

temporary alcohol intoxication and brainstem damage as a cause for reduced arousal 

can be difficult. This is a well-known problem in the setting of traumatic brain injury, 

where alcohol intoxication is present in 36 - 51% of patients (Parry-Jones et al., 2006). If 

OMT is investigated as a prognostic or diagnostic indicator in traumatic brain injury, 

an effect of alcohol on OMT could confound results.

This chapter reports an investigation of the effect of acute alcohol consumption on the 

m otor control of ocular microtremor. The results of this experiment will aid the 

interpretation of alcohol as a potential source of variability in clinical studies of OMT. 

The findings are relevant to the study of OMT in head injury, coma and brainstem 

death, where alcohol is a potential confounding factor.

Alcohol and Alcohol Intoxication
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According to the chemical definition, 'alcohol' is any organic compound, with a 

hydroxyl group bound to a carbon atom. 'Ethanol' (C2H5OH) is the type of alcohol 

which is consumed in alcoholic beverages. It is a psychoactive drug, and in common 

usage, the term 'alcohol' refers to ethanol. Likewise in this doctoral work the term 

'alcohol' refers to 'ethanol'. Alcohol is the oldest and most ubiquitous substance of 

abuse. 20 -  40% of hospitalized patients in the US suffer from alcohol-related 

problems and acute alcohol intoxication is frequent in emergency departments 

(Vonghia et al, 2008). Therefore acute or chronic alcohol consumption is a common 

confounding variable in studies on inpatient populations.

Alcohol crosses the blood-brain barrier and its effects are strongly correlated with the 

amount of intake (Brick and Erickson, 1999). The first clinical signs of acute alcohol 

intoxication are poor motor coordination, altered balance, and disordered eye 

movement (see (Eckardt et a l, 1998) and (Houa et al., 2010) for reviews). The effects of 

alcohol intoxication are dose dependent, depending on blood alcohol concentration 

(BAC), discussed further below.

Alcohol effects on the CNS are related to the concentration of alcohol in the blood, and 

consequently, the brain. After alcohol is consumed, it is absorbed mainly from the 

small intestine (and from the stomach to a lesser extent), into the mesenteric and 

portal veins and is metabolized in the liver where it undergoes first-pass metabolism. 

The extent of this first-pass metabolism affects the rate of rise of BAC. On average, on 

an empty stomach BAC peaks at about 1 hour post-consumption, and declines in a 

relatively linear curve over about 4 hours.

Study Design

Taking account of the considerable inter-individual variability in alcohol 

pharmacokinetics (Eckardt et al., 1998), a placebo-controlled repeated-measures cross

over study design was used to investigate the effects of acute alcohol consumption on 

OMT parameters in healthy subjects. The main advantage of the cross-over design is a 

gain in efficiency: alcohol versus placebo effects are examined within each individual, 

so individual variability does not contaminate the comparison: each subject acts as his 

own control. A potential weakness of cross-over studies is the possibility of carryover

effects. A carryover effect is observed when the effects of the first treatment persist
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into the second treatment testing period and distort the effects of the second treatment 

(Altman, 1991b). Tliis is unlikely in the case of acute alcohol consumption, as a single 

dose of alcohol has a relatively short half-life, and any effects would be negligible one 

week later. Furthermore, a carryover effect was tested for in the analysis and was not 

significant.

7.2 Aims

To investigate whether acute alcohol intoxication significantly alters OMT param eters 

in healthy subjects.
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7.3 Methods

The effect of a single oral dose of alcohol (ethanol) on OMT was examined in a 

randomised double-blinded placebo-controlled repeated-measures cross-over study. 

Seventeen healthy subjects participated in two testing sessions at least one week apart 

to minimise any potential carryover effect between testing sessions. The experiment 

was performed at the same time of day for each subject to minimize the effect of 

circadian cycle on measurements.

7.3.1 Subjects

Seventeen healthy volunteers, (mean age 35 years (SD 12 years, range 28 - 65 years, 

nine male), with a mean body weight of 74kg (SD 11.6 kg) were enrolled. Subjects 

were screened for neurological or psychiatric disorders and previous head injury, and 

were not taking any psychoactive drugs. Subjects had unremarkable ophthalmic 

history and examination. Subjects abstained from alcohol for 24 hours and from 

caffeine-containing beverages for 12 hours prior to each study visit. To standardize 

rates of alcohol absorption, subjects fasted for at least two hours prior to arrival at the 

test centre, and no food or drink was allowed during the testing protocol. Subjects 

completed a written self-report questionnaire (a modified version of the WHO's 

Alcohol Use Disorders Identification Test, the AUDIT-C) on their habits of alcohol 

consumption. The AUDIT questionnaire (Saunders et al., 1993) is a self-report 

screening test with proven validity and reliability in subjects of various nationalities 

and subpopulations (Allen et al., 1997). The AUDIT-C is a brief alcohol screening 

questionnaire (a 3 question version of the 10 question AUDIT), which reliably 

identifies subjects with alcohol use disorders. Each subject's average alcohol intake 

per week was quantified from this questionnaire (Bush et al., 1998). Written informed 

consent was obtained from all subjects and the protocol was approved by the local 

ethics committee (St James's/AMNCH research ethics committee).
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7.3.2 Experimental Procedures

Alcohol Dosing

Subjects' weight was measured. The required volume of Smirnoff vodka (37.5% w/w) 

for a dose of 0.8g ethanol per kg of subject's body weight (i.e. 2.7g per kg of vodka at 

37.5% w/w) was calculated based on subject weight. A standard "unit" of alcohol in 

Ireland and Europe is defined as 8g of alcohol (Brick, 2006), so an average man of 70kg 

w ould be required to drink approximately 56g of alcohol (189g of vodka), equivalent 

to 7 "units", for the study protocol. The mean treatment volume of vodka was 204 ml 

(SD 31.2ml), equivalent to 61.6g of ethanol or 7.7 alcohol units. The subject's calculated 

volume of vodka was diluted 4:1 with "Sprite zero" for the 'alcohol treatment'. For the 

'placebo treatment' the same volume of w ater as that calculated for alcohol was 

diluted 4:1 with "Sprite Zero". Subjects were required to consume the dose in 4 or 5 

divided parts over 20 minutes. After oral dosing, subjects rinsed their mouths with 

water to eliminate any residual ethanol. One experimenter prepared and handed out 

the drinks, administered a breathalyser alcohol test, and drew blood samples from 

each subject for later blood-alcohol determination. The experiment was double-blind 

because neither the operator who conducted the OMT measurements, nor the subjects, 

were informed about the mixture of the drink (the second experimenter was not 

blinded).

Baseline M easurem ents

Baseline measurements were taken, including subject weight, alcohol breathalyzer 

test, a venous blood sample, heart rate and blood pressure (with a Dinamap vital signs 

m onitor (1846 SX, Critikon, FL)), immediately prior to OMT testing. Immediately after 

recording vital signs, OMT m easurem ents were performed. Following baseline 

measurements, subjects were adm inistered the study treatment (alcohol or placebo). 

Repeat venous blood samples, haem odynam ic measurements and OMT measurement 

were perform ed at 45 and 90 minutes after ingestion of either alcohol or placebo.

O cular M icrotrem or M easurem ents

OMT was recorded follovwng the protocol described in detail in Chapter 5 section 6. 

Blood pressure and heart rate during each 15 second measurement period were 

recorded. Study measurem ents were perform ed in a quiet dimly lit room (natural
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daylight) in the research laboratory. Each OMT trace (one from the right and left eye 

for each subject per trial) was analysed and OMT frequency and burst/baseline 

parameters (WPC, ARS peak, Fbu, Fba, NBu, BSPR, PROBa, MDBu, MDBa) were 

estimated as described in Chapter 4 section 3 (Al-Kalbani, 2009). Traces were 

examined initially for evidence of 50Hz interference or other artefacts causing 

distortion of the signal. Subjects were asked to report any unusual side-effects 

following drug adm inistration to the study coordinator by phone.

Alcohol M easurem ents BAC and BrAC

Samples of subjects' venous blood for blood-alcohol determination were taken in 

fluoride-oxalate bottles. Each sample was centrifuged at 3600rpm for 7minutes at 

room tem perature (within an hour of the blood being drawn). ITie supernatant was 

aliquoted into a second tube, which was placed in a freezer at m inus 80 degrees 

Celcius for storage until later laboratory batch-analysis. Serum-alcohol concentration 

was determined from the supernatant samples by analysis in St James's Hospital 

Central Pathology Laboratory using the Abbott TDx REA (radiative energy 

attenuation) immunohistochemistry assay (Abbott Diagnostics, Abbott GmbH &

Co.KG, Max-Planck-I^ng 2, 65205 Wiesbaden). The Abott TDx assay provides 

relatively precise estimates of serum ethanol concentration, which compare well with 

standard gas chromatography methods for determination of ethanol concentration 

(Jortani and Poklis, 1993). Serum alcohol concentrations were converted to equivalent 

estimates of whole blood alcohol concentration (BAC), based on a ratio of 1.18:1 (i.e. 

divide serum alcohol concentration by 1.18 to determine equivalent whole blood BAC) 

(Brick, 2006).

Breath alcohol concentrations (BrAC) were also measured using the 'SD-2 breath 

analyser' (Lion laboratories, Barry, UK). The breath-testing instrum ent was calibrated 

to convert grams per volume of breath into milligrams of alcohol per lOOmL of blood 

(mg/dL).

7.3.3 Data Analysis

OMT parameters and blood-alcohol concentrations were calculated at multiple time- 

points before and after alcohol (or placebo) administration. The effect of treatment
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(alcohol or placebo) in terms of change in OMT param eters over time (tests at 

baseline, 45 and 90 minutes) was analysed via individual univariate GLM-ANOVAs 

for each parameter with 'Treatm ent' (alcohol or placebo) and 'Time' (baseline, 45- and 

90- minutes post-treatment) as fixed factors and with 'G roup' (whether subjects had 

alcohol or placebo first) and 'Subject' as random  factors. As there was no significant 

difference between 'G roups' (i.e. between subjects who were randomized to receive 

alcohol first compared to those who received placebo first), it was assumed that there 

was no carryover effect, and further analysis did not include 'G roup' in the model.

Since this was an exploratory analysis with the possibility of increased type I error 

due to testing of multiple additional parameters, the relatively conservative 

multivariate statistics are also reported for OMT parameters, based on an overall 

MANOVA comparing tests at 45 and 90 minutes post-treatment.

Data were analysed using SPSS version 16 for Windows (SPSS, Inc). Data for different 

factors under comparison were first tested for normality of distribution using the 

Shapiro-Wilk test (as the samples contain fewer than 2000 data points). For post-hoc 

pairwise comparisons, levels of independent variables were compared using paired t- 

tests with Bonferroni correction (probability level set at (0.05 / (number of tests)).
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7.4 Results

Sixteen of 17 subjects completed both the alcohol and placebo treatments. The 

seventeenth subject did not attend for the alcohol treatment. Before undergoing the 

second OMT recording for both test session, subjects were asked to state whether they 

believed they had received alcohol or placebo as their treatment. All subjects correctly 

identified the treatment that they had received. Anecdotally they reported they were 

able to identify the treatment by smell. All subjects were moderately intoxicated 

following alcohol consumption, indicated by m inor degrees of slurred speech, ataxia, 

dizziness and joviality. One subject experienced mild nausea after alcohol 

administration. No subjects reported double vision.

14 recordings of 198 (7.1%) were contaminated with 50Hz interference (n = 9, 4.5%) or 

other gross distortion (n = 5, 2.5%) and were excluded from the analysis as of OMT 

param eters as discussed in chapter 6. Therefore 193 records were available for analysis 

of WPC and ARS parameters, and 184 records were available for analysis of the 

remaining parameters.

Self-reported Habitual Alcohol Use

Subjects had an average alcohol intake of 8 +/- 2 (mean +/- SEM) drinks per week. 

Based on the AUDIT-C questionnaire self-reported intake, two subjects had an 

'excessive' alcohol intake during the previous year (i.e. >21 units weekly for men or 

>14 units weekly for women). Subjects' average score on the AUDIT-C questionnaire 

was 5 +/-1 (mean +/- SEM). Twelve of seventeen subjects (six men and six women) 

scored above the 'hazardous alcohol consumption' level (scores of >= 3 / 12 for women 

and >= 4 / 1 2  for men).

Blood and Breath Alcohol Concentrations

As expected BAC and BrAC levels significantly increased over time for the alcohol 

treatment (BAC time, F(2,44) 155.5, p < 0.001, and BrAC time, F(2,44) 112.7, p < 0.001,
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see Figure 7.1). Baseline BAC was < 9 mg/dL, and BrAC was < Im g/dL in all subjects 

for both sessions, and for all tests post-placebo. BAC and BrAC were significantly 

higher at 45 minutes and at 90 minutes compared to baseline and compared to 

placebo (Figure 7.1), but there was no significant difference between 45 and 90 

minutes (ps = 0.949 and 0.999) for either measure. Mean alcohol concentration 

increased at 45 minutes post-alcohol (mean BAC 112.6 mg/dL (SD 26.3, range 72 -165  

mg/dL); mean BrAC 155.3mg/dL (SD 43.9, range 86 -  250 mg/dL)) and at 90 minutes 

post-alcohol (mean BAC 106.8 mg/dL (SD 18.0, range 77 -  149 mg/dL); mean BrAC 

145.3mg/dL (SD 33.0, range 84 -  214mg/dL)). The distribution of subjects' BAC and 

BrAC for both post-alcohol sessions is shown in Figure 7.2. BAC and BrAC were 

highly correlated at 45 and 90 minutes (Table 7.2), but BrAC was significantly higher 

than BAC at both 45 and 90 minutes post-alcohol (45 minutes: mean difference 

41.1mg/dL, SD 22.1mg/dL, t = 10.5, p < 0.001; 90 minutes: mean difference 38.6mg/dL, 

SD 21.4mg/dL, t = 10.2, p < 0.001).

Females had significantly higher BAC and BrAC than males, and the gender * time 

interaction was also significant in an ANOVA model of BAC and BrAC on gender 

(BAC: gender, f(2,47) 17.7, p < 0.001; gender * time, F(2,47) 5.4, p = 0.008; BrAC; 

gender, f(l,95) 14.46, p < 0.001; gender * time, f(2,95) 4599.1, p = 0.003).

Subjects with 'hazardous alcohol consum ption' habits on the AUDIT-C scale (n = 12), 

had significantly higher BAC and BrAC than subjects without 'hazardous alcohol 

consumption' (mean difference for BAC 30mg/dL, F(l,31) 11.44, p = 0.002; m ean 

difference for BrAC 36mg/dL, F(l,31) 4.80, p = 0.036). BAC and BrAC were higher for 

subjects with 'hazardous' consum ption at both 45 and 90 minutes.

There was considerable inter-individual variability in BAC changes between 45 and 90 

minutes post-alcohol. The mean difference between BAC measurements at the two 

time-periods was 6.4mg/dL, but ranged from an increase of 40.7 mg/dL to a decrease 

of 17.8 mg/dL.
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BAC BrAC

Test
BAC

(m g/dL)

F -test vs 

p lacebo  

F(l,65)

Sig. (2- 

ta iled )

BrAC

(m g/dL)

F -test vs 

p laceb o  

F(l,65)

Sig. (2- 

ta iled )

Baseline <9 - - <1 - -

45 minutes 112.5 (25.8) 582.1 <0.001 153.7 (42.9) 452.1 <0.001

90 minutes 105.5(17.5) 1140.0 <0.001 145.4(31.9) 730.6 <0.001

Table 7.1 M ean (SD) alcohol concentration estim ates from  blood (BAC) and  breath

BrAC) at baseline, 45 and 90 m inutes post-treatm en t for alcohol sessions in all subjects

(n = 16), and  com parison w ith  placebo (ANOVA F-test statistics and p-values)

BAC a n d  BrAC
P ea rso n ’s co rre la tio n  

coeffic ien t
Significance level (2-tailed)

45 minutes post-alcohol 0.901 <0.001

90 minutes post-alcohol 0.762 0.001

Overall 0.856 <0.001

Table 7.2. C orrelations betw een blood (BAC) and  b reath  (BrAC) alcohol concentration 

estim ates at 45 and 90 m inutes post-alcohol and  overall across bo th  tim e-points.

■ k
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Figure 7.1 M ean blood (BAC) and breath (BrAC) alcohol curve estimates for the 

alcohol and placebo treatment sessions. Data correspond to baseline (0), 45 and 90 

minutes; error bars represent 95% confidence intervals for mean. *  Significant at p < 

0 . 001 .
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Figure 7.2 BAC and BrAC among all subjects for the combined 45 and 90 minute tests 

showing the range of values for BrAC included higher values than for BAC.
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Haemodynamic measurements

Means and standard deviations for heart rate, systolic and diastolic blood pressure 

measurements under different treatment conditions are presented in Table 7.3. 

Subjects' mean change in systolic and diastolic pressure from baseline to 45 and 90 

minutes post-alcohol and post-placebo were not significant (Table 7.3, Figure 7.3). 

There was a significant effect of test time (baseline / 45 / 90 minutes) on heart-rate 

(F(2,98) 3.15, p = 0.05). Post-hoc comparisons found that subjects' mean change in 

heart rate from baseline was not significant following alcohol but was significant 

following placebo at both 45 minutes (-6 b.p.m. (SD 5 b.p.m.), p < 0.001) and 90 

minutes (-8 b.p.m. (SD 5 b.p.m.), p < 0.001).

Microsaccades

There was no significant treatment effect on microsaccades (Figure 7.4), [treatment, 

F(l,175) 0.020, p = 0.889] but the interaction term treatment^time was significant 

(F(4,175) 2.72, p = 0.031). Post-hoc comparisons showed an increase in number of 

microsaccades at 45 and 90 minutes compared to baseline for both the alcohol and 

placebo sessions. Therefore the number of microsaccades per trace was examined in 

the ANOVA models as a potential covariate.
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Alcohol T reatm ent Placebo T reatm ent

B lood  pressu re B lood pressu re

T im e p o s t-tre a tm en t
HR (m m H g) HR (m m H g)

(b .p .m .)
Systolic  D iastolic

(b .p .m .)
Systolic D iastolic

Baseline 66(12) 120(14) 75(9) 65(11) 119(12) 73(7)

45 minutes 63 (9) 118 (13) 75(9) 59 (9) 118(8) 74(7)

90 minutes 64 (8) 116(10) 72(6) 56 (9) 118(9) 72(5)

Mean change from 
baseline to 45 minutes

-3 (8) -2(10) 0(8) -7(5) -1(7) +1(4)

Mean change from 
baseline to 90 minutes

-3 (8) -5(10) -3(7) -8(5) 0(8) -1(6)

Table 7.3 Mean (SD) heart rate (HR), systolic and diastolic blood pressure at baseline, 

45 and 90 minutes post-treatment for the alcohol and placebo treatment sessions (n = 

16 for alcohol condition, n = 17 for placebo).
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Figure 7.3 Mean heart rate (HR), systolic and diastolic blood pressure (BP) for the 

alcohol and placebti sessions. Data correspond to baseline (0), 45 and 90 minutes; error 

bars represent 95% confidence intervals for mean. ★ Significant at p < 0.001.
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Figure 7.4 Mean number of microsaccades (MS) per trace for the alcohol and placebo 

sessions. Data correspond to baseline (0), 45 and 90 minutes; error bars represent 95% 

confidence intervals for mean.
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Effects of Alcohol on OMT parameters

The baseline test period show ed excellent test-retest reliability for WPC, ARS peak, 

FBu, FBa, BSPR and MDBu. H owever, there were differences in NBu, PROBa and 

MDBa betw een baseline tests on the tw o separate sessions. A repeated-m easures 

ANOVA testing period effect on OMT m easurem ents in the placebo arm  show ed no 

significant difference betw een OMT param eters at the different m easurem ent periods 

(i.e. baseline, 45 m inutes post-placebo and 90 m inutes post-placebo). ANOVA testing 

for a g roup  effect w as non-significant (i.e. w hether subjects received the placebo 

treatm ent first o r second after alcohol treatm ent), im plying no carryover effect. 

M icrosaccades w ere exam ined in a m ultivariate ANOVA on all nine OMT param eters 

and d id  not reach significance as a covariate for any param eter (p > 0.05 for all 

param eters, partial eta^ < 0.035 for all param eters).

The F-statistics, significance level and effect sizes (partial-eta^) for all nine param eters 

from  the univariate ANOVAs, and the MANOVA, w ith their corresponding model 

design, are show n in Table 7.4 and  7.5. There was a significant effect of treatm ent 

(alcohol vs. placebo) on OMT frequency peak estim ates (WPC and ARS peak) after the 

alcohol treatm ent [WPC: treatm ent, f(l,170) 30.5, treatm ent * time, F(4,170) 14.2, ps < 

0.001; ARS: treatm ent, f(l,170) 36.0; treatm ent * time, F(4,170) 13.7, ps < 0.001], Post- 

hoc com parisons (Figure 7.5), on estim ated marginal means, revealed WPC and ARS 

peak w ere significantly decreased at 45 and 90 m inutes following alcohol 

adm inistration com pared to  the placebo session (WPC: mean difference 3.7 Hz, 95%

Cl for difference (2.7, 4.8), p < 0.001; ARS peak: m ean difference 5.0 Hz, 95% Cl for 

difference (3.6, 6.3), p  < 0.001).

For the OMT burst param eters, there w as also a significant treatm ent effect on FBu 

and FBa [FBu: treatm ent, F(l,161) 5.45, p = 0.021, treatm ent * time, F(4,161) 4.25, p = 

0.003; FBa: treatm ent, F(l,161) 6.54, p  = 0.011, treatm ent * time, F(4,161) 3.50, p = 0.009). 

Post-hoc com parisons (Figure 7.6) revealed a significant decrease in FBu following 

alcohol com pared to placebo (m ean difference 4.0Hz, 95% Cl for difference (0.6, 7.3), p 

= 0.020) and FBa (m ean difference: 4.8Hz, 95% Cl for difference (1.9, 7.8), p = 0.002).

A significant treatm ent effect w as also seen for BSPR [treatment, F(l,161) 13.9, p <

0.001, treatm ent * time, F(4,160) 3.8, p = 0.006). Post-hoc com parisons (Figure 7.7)

revealed a significant increase in BSPR following alcohol com pared to placebo (mean
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difference in estimated marginal means 0.10, 95% Cl for difference (0.05, 0.15), p < 

0 .001).

NBu, PROBa and MDBa had significant treatm ent effects (Table 7.4) but the 

interaction treatment*time was not significant. Post-hoc testing showed differences in 

baseline estimates of the parameters between the alcohol and placebo sessions (see 

Figure 7.8), rather than any effect of treatment per se. A treatment effect for MDBu 

approached significance, but on MANOVA testing a significant treatment effect was 

not seen (Table 7.5).

OMT param eters were significantly correlated w ith each other as noted in previous 

studies (Chapter 6).

185



OMT
Parameter

Treatm ent (Alcohol vs. Placebo) Treatm ent * Time
SIg. (2- Partial SIg. (2- Partial

df F tailed) eta^ df F tailed) eta^
WPC(Hz) 1,170 30.5 <0.001 0.155 4,170 14.2 <0.001 0.238
ARS(Hz) 1,170 36.0 <0.001 0.204 4,170 13.7 <0.001 0.246
FBu (Hz) 1,161 5.45 0.021 0.033 4,161 4.25 0.003 0.095
FBa (Hz) 1,161 6.54 0.011 0.039 4,161 3.50 0.009 0.080
NBu (bursts/s) 1,161 4.20 0.042 0.025 4,161 1.76 0.139 0.042
BSPR (ratio) 1,161 13.9 <0.001 0.078 4,161 3.8 0.006 0.106
PROBa(%) 1,161 4.35 0.039 0.026 4,161 1.68 0.157 0.040
MDBu (ms) 1,161 1.72 0.192 0.011 4,161 3.33 0.012 0.077
MDBa (ms) 1,161 6.20 0.014 0.037 4,161 1.11 0.354 0.027

Table 7.4 F-statistics, significance level and effect size (partial eta^) for Treatment and 

the Treatment * Time interaction from univariate GLM-ANOVAs on each OMT 

parameter with Treatment, Eye and Treatment*Time as fixed factors, and Subject as a 

random factor. 'Microsaccades per trace' w as also included as a covariate in the m odel 

for BSPR. Model: Intercept + Treatment + Treatment * Time + Eye + Subject. (Subject 

was a random factor in the univariate ANOVA model).

Treatm ent (Alcohol vs. Placebo) Treatm ent * Time
OMT  -̂------------------------- -----------------------------------------------------------

F- Sig. (2- Partial F- Sig. (2- Partial
rdi

df statistic tailed) eta^ df statistic tailed) eta^
WPC (Hz) 1 46.5 <0.001 0.311 2 3.82 0.025 0.069
ARS(Hz) 1 75.4 <0.001 0.423 2 1.74 0.180 0.033
FBu (Hz) 1 5.6 0.020 0.052 2 0.53 0.588 0.010
FBa (Hz) 1 10.4 0.002 0.092 2 0.13 0.880 0.002
NBu (bursts/s) 1 0.83 0.364 0.008 2 1.18 0.313 0.022
BSPR (ratio) 1 15.5 <0.001 0.131 2 0.40 0.672 0,008
PROBa(%) 1 1.50 0.224 0.014 2 1.48 0.232 0.028
MDBu (ms) 1 5.02 0.027 0.046 2 2.65 0.075 0.049
MDBa (ms) 1 1.99 0.161 0.019 2 1.22 0.300 0.023

Table 7.5 F-statistics, significance level and effect size (partial eta^) for Treatment and 

the Treatment * Time interaction from a MANOVA for the nine OMT parameters, on 

the 45 and 90 minute OMT recordings. Model: Intercept + Treatment + Treatment * 

Time + Eye + Subject. (Subject was a fixed factor in the MANOVA model).
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Figure 7.5 Means and estimated marginal means (adjusting for other factors in the 

GLM ANOVA model) forOM T parameters WPC and ARS frequency peak (Hz) for 

the alcohol and placebo sessions. Data correspond to baseline (0), 45 and 90 minutes; 

error bars represent 95% confidence intervals for mean. *  Significant at p < 0.001.
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Means Estimated marginal means for FBu (Hz)
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Figure 7.6 Means and estimated marginal means (adjusting for other factors in the 

GLM ANOVA model) for OMT parameters FBu and FBa (Hz) for the alcohol and 

placebo sessions. Data correspond to baseline (0), 45 and 90 minutes; error bars 

represent 95% confidence intervals for mean. ★ Significant at p < 0.05.
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Figure 7.7 Means and estimated marginal means (adjusting for other factors in the 

GLM ANOV A model) for OMT parameters BSPR (ratio of LF to HF) and PROBa (%) 

for alcohol and placebo sessions. Data correspond to baseline (0), 45 and 90 minutes; 

error bars represent 95% confidence intervals for mean. Significant at p < 0.05.
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Figure 7.8 Means and estimated marginal means (adjusting for other factors in the 

GLM ANOVA model) for OMT parameters MDBu (ms), MDBa (ms) and NBu (bursts 

per sec) for alcohol and placebo sessions. Data correspond to baseline (0), 45 and 90 

minutes; error bars represent 95% confidence intervals for mean. ★ Significant at p < 

0.05.
190

5- □  P lacebo

4-

0 45 90



Haemodynamics and Effects of Alcohol on OMT

Further analyses were conducted to examine whether heart-rate and blood pressure 

changes could account for differences in OMT param eters under the two treatment 

conditions. A GLM-MANOVA was constructed on change in OMT peak frequency 

parameters from baseline with 'Treatm ent' (alcohol or placebo) as a fixed factor and 

heart-rate (b.p.m.), systolic and diastolic blood pressure (mmHg) as covariates. Heart- 

rate, systolic and diastolic blood pressure did not have significant effects in the model.

BAC level and Effects of Alcohol on OMT

There were significant correlations between alcohol levels (BAC and BrAC) and all 

OMT parameters (Table 7.6). Parameters were more highly correlated with BrAC than 

with BAC. Figure 7.9 shows scatterplots of WPC and ARS peak frequency estimates 

against BrAC for the tests post-alcohol administration, demonstrating the trend 

towards decreasing WPC and ARS with increasing alcohol concentration. However, 

when a GLM-MANOVA (on the 45 and 90 m inutes post-alcohol tests) was performed 

with BrAC or BAC (mg/dL) included as a covariate, neither had a significant effect on 

any parameter.
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OMT
Parameters

Tests post-alcohol administration All test sessions

Correlation with BAC Correlation with BrAC Correlation with BrAC

Pearson
correlation

(r)

Sig. (2- 
tailed)

Pearson
correlation

(r)

Sig. (2- 
tailed)

Pearson

correlation

(r)

Sig. (2- 
tailed)

WPC (Hz) -0.210 0.098 -0.377 0.007 -0.460 <0.001

ARS (Hz) -0.262 0.038 -0.390 0.002 -0.480 <0.001

FBu (Hz) -0.132 0.305 -0.243 0.057 -0.326 <0.001

FBa (Hz) -0.229 0.073 -0.310 0.014 -0.359 <0.001

NBu (bursts) -0.433 <0.001 -0.433 <0.001 -0.194 0.008

BSPR 0.245 0.055 0.336 0.008 0.399 <0.001

PROBa 0.428 0.001 0.422 0.001 0.208 0.005

MDBu (ms) -0.166 0.198 -0.155 0.228 -0.231 0.002

MDBa (ms) 0.386 0.002 0.444 <0.001 0.216 0.003

Table 7.6 Correlation between O M T parameters and b lood alcohol concentration 

(BAC) and breath alcohol concentration (BrAC) fo r a ll test sessions (n = 193 fo r WPC 

and ARS, 184 fo r a ll other parameters) and fo r the tw o tests (at 45 and 90 m inutes) 

post-alcohol adm in istration (n = 63 fo r WPC and ARS, 62 fo r all other parameters).

192



9 5-

9 0 -

8 5 -

5  80-

75-

H  70-

R Sq Linear = 0.114

100 15050 200 250

BrAC (mg/dL)

100-
N

X

n
01
Q- 9 0 - 

(/) a.<
o
C 8 0 - «3
O’0»

iS  7 0 -

Q.
I -
2
O  6 0 -

R Sq Linear = 0.152

100 15050 200 250

BrAC (mg/dL)

Figure 7.9 Correlation between OMT frequency peak estimates, WPC and ARS, and 

breath alcohol concentration (BrAC) for the two tests (at 45 and 90 minutes) post
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for mean of line.
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Hazardous vs Non-hazardous drinking habits

Subjects with 'hazardous' (n = 12) and 'non-hazardous' (n = 5) drinking habits, based 

on the AUDIT-C questionnaire, showed similar responses to alcohol and placebo for 

all OMT parameters (example of WPC parameter shown graphically in Figure 7.10). 

AUDIT-C scores were binary coded (hazardous vs non-hazardous) for inclusion as a 

factor in an overall MANOVA on the nine OMT parameters. This factor did not reach 

significance as a covariate or fixed effect in the MANOVA.

Differences between subjects with 'excessive' (n = 2) and 'non-excessive' (n = 15) 

drinking habits in terms of effect of alcohol on OMT parameters was confounded by 

the fact that the two subjects with 'excessive' drinking habits were the two oldest 

subjects in the group, and were outliers in terms of age.
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Figure 7.10 Comparison of alcohol and placebo sessions between subjects with 'Non- 

hazardous' (n = 5) and 'H azardous' (n = 12) drinking habits. Significant at p < 0.001 

(difference between alcohol and placebo treatments at both 45 and 90 minutes, no 

significant difference was seen for hazardous vs. non-hazardous alcohol consumption 

habits). Error bars represent 95% confidence intervals for mean.
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7.4 Discussion

This study is the first investigation of the effect of acute alcohol intoxication on OMT 

frequency parameters in healthy subjects. Acute alcohol intoxication was associated 

with a small but significant reduction in OMT peak frequency parameters in healthy 

subjects. The changes in OMT param eters were still significant when corrected for 

haemodynamic changes and num bers of microsaccades in the trace. The effect size 

associated with acute alcohol intoxication was relatively small, and was less than the 

'sm allest real difference' (SRD) calculated for OMT parameters under reproducibility 

conditions, and well within the 95% limits of agreement under repeatability 

conditions (see Chapter 6). These findings indicate that although an effect of acute 

alcohol intoxication on OMT param eters has been found in this study designed 

specifically to find a small difference (placebo-controlled, within-subject crossover 

design), the effect of alcohol is smaller in magnitude than normal inter-subject 

variability and can only be detected using such a robust design. As such alcohol 

should be considered as a confounding effect in studies of OMT in neurological 

impairm ent such as brain injury, but it is unlikely to account for large differences in 

OMT parameters compared to a normal population.

The main finding of the study was a small but significant effect of acute alcohol 

intoxication on the OMT param eters WPC (decreased by 3.7Hz (by comparison the 

reproducibility SRD was 6.9Hz)), ARS peak (decreased by 5Hz (SRD 7.6Hz)), FBu 

(decreased by 4Hz (SRD 7.3Hz)), FBa (decreased by 4.8Hz (SRD 11.5Hz)), BSPR 

(increased by 0.10 (SRD 0.36)).

A reduction in OMT frequency has been previously reported in association with 

neurological disease, and is thought to indicate reduced arousal at the level of the 

reticular formation (Coakley and Thomas, 1977a, Coakley and Phillips, 1984, Bojanic 

et al., 2001), and OMT frequency is also affected by disorders of motor control 

associated with brainstem lesions (Bolger et al., 1999c, Bolger et al., 2000, Bolger et al., 

1999d). The finding of a small reduction in OMT frequency parameters following 

acute alcohol consumption may be due to a sedating effect of alcohol, an effect of 

alcohol on brain areas im portant in OMT generation (such as the reticular formation
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and oculomotor nuclei), an effect on broader areas contributing to OMT frequency 

(cortical areas) or an effect of alcohol on firing at the neuromuscular junction.

The effects of alcohol on the CNS are multiple and can be considered at organizational 

and molecular levels. At a molecular level, ethanol acts by binding with specific 

proteins, such as voltage-dependent or voltage-gated potassium and calcium 

channels, rectifying potassium  channels and membrane-bound ligand-gated ion 

channels (GABA, glutam ate (NMDA and non-NMDA), glycine, nicotinic acetylcholine 

and 5-HT3 receptors) (Tomberg, 2010). Many of the motor effects of alcohol may be 

m ediated via its effects on GABA receptors (Tomberg, 2010), and GABA-A 

antagonists reverse the effects of alcohol on motor control. Ethanol has heterogenous 

effects on the GABAergic, dopaminergic, serotonergic, cholinergic, opioid and 

glutamergic systems in different brain areas (see (Eckardt et al., 1998) and (Tomberg, 

2010) for reviews).

At an organizational level, alcohol has significant effects on multiple brain areas 

including the vestibular system, cerebellum, basal ganglia and cerebrum, all of which 

are thought to contribute to OMT generation. The cerebellum has important roles in 

motor control including control of posture and gait, and control of peripheral 

m uscular dynamic and tonic tone (see Chapter 2 for review). Acute ethanol 

consumption has complex effects on the cerebellum (Tomberg, 2010). Low doses of 

ethanol enhance the tonic inhibition of Purkinje cells by cerebellar granule cells (via 

effects on GABA-A receptors). The firing of Purkinje cells, the main cells of the 

cerebellar cortex, is therefore depressed by acute ethanol (although the opposite effect 

occurs at low ethanol does (0.25-lg/kg). This altered Purkinje cell firing results in 

dysmetria (altered coordination in limbs) and ataxia (altered coordination in body 

axis). Acute alcohol intoxication produces similar symptoms to 'cerebellar syndrome'. 

Im paired cerebellar control of peripheral muscle tone by acute alcohol consumption 

may affect OMT am plitude and frequency.

The intralam inar nuclei of the thalam us are im portant in intrinsic alertness and 

arousal (Kinomura et al., 1996, Mottaghy et al., 2006) (see chapter 2 for review).

Ethanol stimulates arousal at low doses, and has a sedative effect at higher doses 

(Tomberg, 2010). Ethanol modulates the burst firing of thalamocortical relay neurons 

via GABA-A receptors: in studies on mice, 'm oderate' (200mg/dL) ethanol
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concentrations enhance tonic GABA-mediated inhibition of thalamic relay neurons 

(Jia et a l, 2008). Ethanol also has effects on T-type calcium current in the thalamus 

(Tomberg, 2010), and acute alcohol intoxication depresses neural transmission in 

subcortical structures involved in sensory transmission. Auditory brainstem potentials 

show increased latency (without any effect on amplitude of the potentials) one hour 

after acute alcohol ingestion (Squires et al., 1978).

Alcohol also has multiple effects on the neurom uscular junction in peripheral muscles 

(Bradley et al., 1980), with the effectof increasing pre-junctional end-plate potentials as 

well as postjunctional miniature end plate potential amplitudes. Ethanol increases the 

release of acetylcholine at the neuromusclular junction and affects muscle nicotinic 

receptors, causing an increase in the decay time constant of miniature end-plate 

currents (Searl and Silinsky, 2010).

Therefore, the small reduction in OMT frequency parameters could be due to any or 

all of these effects: GABAergic neural transmission, depressed firing of the Purkinje 

cells in the cerebellum, modulated burst firing of thalamocortical relay neurons 

associated with sedation, or changes in neurom uscular junction potentials. This study 

was not designed to investigate which, if any, of these effects are responsible for the 

changes in OMT frequency.

This study did not show an effect of this high dose of alcohol on NBu, PROBa, MDBu 

or MDBa. WPG, ARS peak, FBu and FBa are all highly correlated (see Chapter 6) and 

probably all relate to the overall OMT peak frequency. By contrast while the reliability 

of the param eters NBu, PROBa, MDBu and MDBa has been assessed with the new 

OMT-PZT system (see Chapter 6), their validity is not well established. This finding of 

the lack of an effect of a large dose of alcohol on these parameters suggests either the 

parameters are insensitive to the acute effect of alcohol, perhaps due to large inter- 

and intra-subject variability, or perhaps because 'burst' duration and num ber are not 

affected by alcohol, while burst frequency is affected. Another possibility is that these 

parameters, or their calculated estimates, represent recording noise rather than a true 

eye-movement phenomenon.
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The placebo session showed excellent test-retest reliability for OMT parameters except 

NBu, PROBa and MDBa. Therefore any effect of alcohol on these parameters is more 

difficult to attribute to a treatment effect rather than some other variability in the data 

and NBu, PROBa and MDBa are less 'sensitive' to a treatment effect (as discussed in 

Chapter 6). As expected there was no evidence of a carryover effect from one 

treatment session to another, as the sessions were separated by at least a week, 

allowing a sufficient wash-out period. Therefore changes in OMT parameters 

following alcohol adm inistration in this study cannot be attributed to a carryover 

effect or learning effect from the previous session.

The effect of acute alcohol consumption on OMT parameters was examined over a 90 

m inute period following alcohol consumption. The protocol was designed to measure 

OMT at the subjects' maximum BAC to attem pt to capture an effect of acute alcohol 

intoxication if any is present. Alcohol absorption was likely to be relatively rapid in 

this study because three aspects of the protocol favoured rapid alcohol absorption: 

subjects had an empty stomach, alcohol was mixed with a carbonated drink (Sprite 

zero™), and the alcohol concentration was approximately 30% (Brick, 1999). Most 

studies report that the majority of alcohol consumed is absorbed within 20 to 30 

m inutes and maximum BAC occurs about 60-90 minutes after the last drink (Brick, 

2006). Alcohol is distributed throughout the water in the body so that tissues such as 

the brain are exposed to the same alcohol concentration as blood; alcohol diffuses 

slowly into most organs but quickly into the brain which has a rich blood supply 

(Brick, 2006).

There was considerable inter-subject variability in BAC (range 72 -1 6 5  mg/dL) and 

BrAC (range 84 -  214mg/dL) in the study. BAC is influenced by genetic and 

environm ental factors -  rate of alcohol drinking, presence of food in the stomach, type 

and concentration of alcohol consumed and variations in alcohol-metabolizing 

enzymes (Brick, 2006). These factors were standardized in the protocol. Alcohol dose 

was calculated based on body weight, but BAC also depends on other factors such as 

age, gender, body fat and water content (Brick, 2006). There is considerable inter

individual variation in pharmacokinetics of alcohol metabolism, with studies 

reporting coefficients of variability of up  to 41% (Jones, 1993). Overall, individuals 

vary in term s of alcohol elimination by up to 2- to 3-fold (Eckardt et al., 1998), and the

rate of elimination varies from 60 to 150 mg/kg/hr. The amount of alcohol entering the
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brain following a given dose of ethanol also varies considerably between individuals, 

and depending on peripheral organ function, rates of absorption, volume of 

distribution within the body, and rate of enzymatic metabolism (Eckardt et al., 1998). 

It is therefore unsurprising that although alcohol dose was calculated based on 

subjects' weight, subjects' BACs varied considerably in this study. This approach was 

favoured over a more complex protocol (which would require calculations based on 

age, gender and height as well as weight) because standardisation between subjects' 

BAC was not essential given the repeated measures design of the study where each 

subject acted as their ow'n control. Rather the aim was to achieve alcohol intoxication 

in all subjects, such that an effect of alcohol, if one exists, could be observed.

The mean BAC reached for subjects in this study was l]3m g/dL  (0.113% BAC) at 45 

minutes, and 107mg/dL (0.107% BAC) at 90 minutes post-alcohol. The upper limit of 

alcohol intoxication that is normally studied in hum an subjects is approximately 130 

mg/dL (Eckardt et al., 1998). Therefore, we have examined for a possible effect of 

alcohol on OMT at the limit of alcohol intoxication normally studied in humans. At 

this level, subjects generally exhibit im pairm ent of reflexes, reaction times, gross 

m otor control, gait and speech: the threshold for a negative influence of alcohol on 

psychomotor tasks in hum ans is about 0.4 g/kg, corresponding to BAC of 40 -  50 

mg/dL (Eckardt et a l, 1998), and complex tasks are sensitive to alcohol-related effects 

at even lower BAC levels.. If alcohol has an effect on OMT due to im pairm ent of 

m otor control, it is likely to be evident in this study. We cannot outrule the possibility 

of an effect of alcohol on OMT at levels of alcohol intoxication above that reached in 

this study. In studies of traumatic brain injury, mean BAC are commonly higher than 

reported in this study: A 10-year retrospective study at a traum a centre reported 504 

of 1075 patients were intoxicated with a mean BAC of 202+/- 77 mg/dL, and of those 

118 were 'severely intoxicated' with a mean BAC of 309 +/- 54 mg/dL (Sperry et al., 

2006). Such high levels of intoxication could pu t subjects at risk of adverse effects and 

were not studied, but it is possible that at these dangerously high levels of alcohol 

intoxication OMT is affected to a greater extent than evident in this study.

Mean BrAC levels were significantly higher than BAC in this study (mean BrAC 

155mg/dL and 145mg/dL at 45 and 90 minutes respectively). Breath alcohol 

concentrations (BrAC) rise faster than venous blood levels (BAC), and fall earlier 

(Brick, 1999).
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Effects of Alcohol and the Blood Alcohol Concentration (BAC)

OMT parameters at 45 and 90 minutes post-alcohol correlated with both BAC and 

BrAC. The correlations for all OMT param eters were stronger for BrAC. Although 

BAC is the gold standard for alcohol concentration, up  to two hours after alcohol 

consumption, BrAC is a better approxim ation of CNS alcohol exposure than venous 

blood sampling (Eckardt et al., 1998). If changes in OMT param eters are due to the 

effects of alcohol on the CNS, it is perhaps unsurprising that BrAC shows stronger 

correlation with OMT parameters than BAC. However, the stronger correlation could 

also be due to the fact that BrAC values were significantly higher than BAC values, 

therefore resulting in a stronger statistical correlation. The finding that BrAC and BAC 

did not reach significance as covariates in the analysis of OMT param eters suggests 

that small differences in BrAC or BAC do not have a significant effect on OMT 

parameters.

The effect of alcohol on bodily tissues depends on the concentration of alcohol in the 

blood. At a BAC of lOOmg/dL motor control is significantly affected, resulting in 

clumsy uncoordinated movements, and the greatest im pairm ent coincides with the 

time of peak BAC (see review by (Houa et al., 2010)). Many subjects exhibit nystagm us 

with alcohol intoxication, which is typically positional (occurs when the head is 

positioned sideways), and is probably related to alcohol diffusion into the 

endolymphatic fluid in the vestibular canals (Martin, 1998). At BAC above lOOmg/dL 

an individual's behaviour becomes garrulous, elated and aggressive, w ith ataxia, 

hyper-reflexia, poor coordination and prolonged reaction times. At BAC above 

200mg/dL they exhibit amnesia, diplopia, nausea and vomiting, and a BAC of greater 

than 400mg/dL may result in respiratory depression and coma. Death due to alcohol 

intoxication is generally associated with a BAC > 500 mg/dL (Vonghia et al., 2008).

Differences between 'Heavy' and 'Light' Social Drinkers

Heavy habitual alcohol drinkers ('hazardous alcohol consum ption') had significantly

higher BAC and BrAC than 'light' social drinkers in this study. This difference is not

accounted for by gender since an equal num ber of males and females were 'heavy'

and 'light' habitual drinkers (6 and 2 for both males and females). Ethanol is

eliminated mainly by enzymatic metabolism in the liver (90-98%), at a rate

independent of alcohol concentration. Heavy drinkers exliibit 'tolerance' to alcohol
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effects, in part due to differences in this enzymatic metabolism, and BAG declines 

m uch faster in habitual heavy drinkers than in non-drinkers (Paton, 2005). Therefore 

some other factor must account for the higher BAC and BrAC in 'heavy' compared to 

'light' drinkers.

No difference in OMT parameters w^as found between 'heavy' and 'light' habitual 

drinkers in this study. Only two subjects had 'excessive' alcohol drinking habits; any 

difference between subjects with 'excessive' and 'non-excessive' drinking habits was 

confounded by age, and a reliable analysis is not possible given only two subjects. 

Differences in alcohol-related im pairm ent between inexperienced and experienced or 

heavy social drinkers are debated (Houa et al., 2010). Heavy drinkers show tolerance 

to the effects of acute alcohol consumption in some studies, on tasks such as sensory 

percpetion, memory, gait and psychomotor skills (Eckardt et al., 1998). However more 

recent studies investigating eye movement tasks, event-related potentials, fine motor 

and dexterity skills and cognitive tasks, did not support a tolerance effect (Houa et al., 

2010). Heavy drinkers (>=10drinks/week) show greater tolerance to the sedative effects 

of alcohol compared to light social drinkers (<5drinks/week, no binge occasions) 

following acute alcohol intoxication (King et al., 2002). Sedative effects appear during 

the early portion of the BAC for light drinkers (within 15 minutes after 0.8g/kg ethanol 

conumption), but appear later for heavy drinkers (peak sedative effect at 105 minutes) 

(King et al., 2002). Tlie issue is clouded by differing definitions of 'light', 'm oderate' 

and 'heavy ' drinking in different studies.
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Effects of Acute Alcohol Intoxication on Haem odynam ics

In this study surprisingly heart-rate was reduced at 45 and 90 m inutes following 

placebo, but not following alcohol. Heart-rate and blood pressure were not significant 

as covariates in the ANOVA tests for the acute effect of alcohol on OMT. Therefore, 

the effects of alcohol on OMT are not explained by haemodynamic changes. Alcohol 

intoxication has known cardiovascular effects including flushing, sweating, 

tachycardia, peripheral vasodilation and hypotension (Marco and Kelen, 1990), 

although blood pressure may also increase, probably due to hypothalam ic stimulation 

and release of sympathomimetic amines and pituitary-adrenal horm ones (Paton,

2005). A haemodilution effect (subjects drank a mean volume of approximately 1 litre 

of fluid), or a learning effect (subjects possibly being less anxious about testing after 

the baseline test) could account for the reduction in heart rate following placebo, while 

following alcohol the alcohol-induced tachycardia could have offset the 

haemodilution effect. The reduction in heart rate was however small ( 6 - 8  b.p.m.), 

and was not accompanied by a significant effect on blood pressure, and therefore 

although the difference was significant (p < 0.001) it could be due to type-1 statistical 

error.

Effects of Acute Alcohol Intoxication on Microsaccades 

Acute alcohol intoxication did not have a significant effect on the num ber of 

microsaccades per trace. Alcohol has multiple effects on ocular motility, including 

decreased peak velocity, increased latency and hypom etria of saccades, gaze-evoked 

and positionally induced nystagmus, and im paired smooth pursuit movement 

(Lehtinen et al., 1979, Leigh and Zee, 2006). The oculomotor system is sensitive to low 

doses of alcohol (0.4g/kg), and effects are thought to be due to specific actions of 

alcohol on brain areas involved in eye movement generation rather than any 

generalised sedative effect of alcohol (Holdstock and de Wit, 1999). Therefore changes 

in microsaccade peak velocity and gain might be expected w ith acute alcohol 

intoxication, but these microsaccade parameters are not m easured by our system.

Potential C onfounding Effect of the D ilution Agent "Sprite Zero"

"Sprite zero"''''^ was chosen as the diluting drink for the alcohol and placebo treatment

because it contains no sugar or caffeine, which could confound any effect of alcohol on
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arousal. Aspartame (L-aspartyl-L-phenylalanylmethylester) is an artificial sweetener 

used in "Sprite zero", which by com parison to sugar has negligible calories. Although 

aspartame could potentially have confounding effects on OMT, a review of studies of 

the effects of aspartame on hum ans reported that the weight of evidence did not 

support an effect of aspartame on behaviour, neural or cognitive function (Magnuson 

et al., 2007). However, neurotransm itter and amino acid levels in the CNS can be 

affected by large bolus doses of aspartam e (Magnuson et al., 2007). For example, 

aspartame consumption results in elevated levels of phenylalanine in the brain 

(Maher and W urtman, 1987) and consumed with a carbohydrate-rich food (such as 

ethanol), the effects of aspartame on brain phenylalanine are doubled (Maher and 

Wurtman, 1987). The acceptable daily intake (ADI) established by the European Food 

Safety Authority is 40 mg/kg body weight per day (European Commission, 2002). 

Sprite zero contains 75mg aspartam e per 355ml. For a 70kg subject, required to 

consume 189ml vodka for the alcohol treatment (or the equivalent of water for the 

placebo treatment), a 4:1 dilution with Sprite zero (756ml) would contain 158.8mg 

aspartame, equivalent to 2.3mg aspartam e per kilogram of subject's body weight. This 

is well below the ADI, and as such neurological effects at this level are unlikely but 

cannot be outruled.

Limitations

This study had several strengths, such as placebo control and a within-subject design, 

but it also had some limitations. The sample size was modest, so analysis of gender, 

age or individual differences could not be assessed in-depth. The two subjects with 

'excessive' habitual drinking habits were also the oldest, so age could confound any 

effect of excessive drinking. A lthough subjects had a reasonable spread of scores on 

the AUDIT-C scale (scores ranged 1 -10), the full range of scores (0 -1 6 ) were not 

represented in the sample. None of the subjects were non-drinkers, and none were 

very heavy drinkers. Either of these groups could show different responses to alcohol 

than the subjects in this study. The AUDIT-C is an abbreviated version of the full 

AUDIT questionnaire, and assess hazardous alcohol use (related to frequency and 

quanitity of drinking) but does not assess dependence symptoms or harmful alcohol 

use. Subjects w ith alcohol dependence or abuse could also exhibit different effects of 

alcohol on OMT.
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A lthough the operator w as b linded  to the treatm ent d u ring  recording, and during  

estim ation of OMT param eters, the subjects all correctly identified w hether the 

treatm ent w as alcohol or placebo. Therefore it w as not tru ly  a b linded  study, and  this 

could potentially  have biased the study, although it is difficult to im agine how  such a 

subject bias could affect the OMT param eters. A n opera to r effect during  OMT 

param eter estim ation w ould  be m ore im portan t in  term s of potential bias. It w as not 

possible to assess for this possible bias in the analysis, since all 16 subjects identified 

the treatm ent correctly -  i.e. th is w as a possible source of system atic bias. Of note, 

although all subjects w ere correct in  their beliefs about the assigned treatm ents, they 

w ere not inform ed at the tim e of the experim ent w hether their beliefs w ere correct. So 

any system atic bias w as based on personal belief, w hich m ay have been held  w ith 

variable degrees of conviction. Ideally the placebo w ould  have been indistinguishable 

from  alcohol, how ever this is difficult to achieve in  practice. An attem pt w as m ade to 

m ake the placebo and alcohol treatm ents as sim ilar as possible -  they w ere sim ilar in 

volum e, appearance and (according to subjects) in taste -  the m ain taste w as that of 

the d ilu ting  agent Sprite Zero -  how ever subjects m ainly  identified the alcohol 

treatm ent by smell.

204



7.5 Conclusions

In conclusion, this study, the first investigation of the effect of acute alcohol 

intoxication on OMT parameters, demonstrates that acute alcohol intoxication is 

associated with a small but significant reduction in OMT peak frequency parameters 

in healthy subjects. Haemodynamic changes and numbers of microsaccades in the 

trace did not account for the changes in OMT parameters. The effect size associated 

with acute alcohol intoxication was relatively small -  smaller in m agnitude than 

normal inter-subject variability, but was detected here due to the placebo-controlled 

crossover study design. As such alcohol should be considered as a confounding effect 

in studies of OMT in neurological impairment such as brain injury, but it is unlikely to 

account for large differences in OMT parameters compared to a normal population. 

Future studies may investigate whether the small reduction in OMT frequency 

parameters could be attributed to any of the known effects of alcohol on the CNS, 

such as GABAergic neural transmission, depressed firing of the Purkinje cells in the 

cerebellum, modulated burst firing of thalamocortical relay neurons associated with 

sedation, or changes in neuromuscular junction potentials.
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Chapter 8

Effect of Acute Caffeine Consumption on OMT

8.1 Introduction

Ocular microtremor is corrsidered an indicator of arousal at the level of the reticular- 

formation (Coakley 1983), discussed in detail in chapter 2. OMT frequency is reduced 

during slow-wave sleep (Coakley, 1976, Coakley et al., 1979), and is reduced by a 

variety of pharmacological and pathological processes associated with reduced 

arousal, including sevoflurane and propofol anaesthesia (Bojanic et a l, 2001, Heaney 

et al., 2004, Kevin et al., 2002, Coakley et al., 1976), barbiturate overdose (Coakley and 

Thomas, 1977b), coma (Coakley and Thomas, 1977a, Shakhnovich and Thomas, 1977, 

Shakhnovich et al., 1980, Bojanic and Bolger, 1999), brainstem injury (Coakley and 

Phillips, 1984) and brainstem death (Coakley and Thomas, 1977b, Bolger et al., 1999a).

While reduced OMT frequency has been described in the various pharmacological 

and pathological states of reduced arousal listed above, the effect of an increase in 

arousal has never been investigated.

Caffeine (1,3,7-trimethylxanthine), is a well established means of experimentally 

increasing arousal (Barry et al., 2005, Fredholm et al., 1999, Nehlig et al., 1992). The 

main effect of caffeine, at doses consumed by hum ans, is its stimulant or arousal 

effects, m ediated by antagonism of adenosine at A2A receptors (Huang et al., 2005, 

Fredholm and Daly, 2004). It is used to pharmacologically m anipulate subjects' 

arousal level to investigate changes in neurophysiologic measures associated with 

increased arousal, such as skin conductance level (SCL), autonomic m easures and
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EEG parameters (Barry et al., 2005, Barry et al., 2008), without requiring subjects to 

engage in any confounding task or 'activating' process.

Caffeine is the most w idely consumed psychoactive substance in the world. In 

Western European countries coffee consum ption is on average 6 -  9 kg per capita (per 

person per year in kg of green coffee beans equivalent). In Ireland average coffee 

consum ption was 2.4 kg per capita during 2005 - 2010. In the United States average 

coffee intake is approximately two cups, or 200mg, per adult per day (Salazar- 

Martinez et al., 2004), and more than 80% drink coffee or tea (Shohet and Landrum, 

2001). Caffeine is present in many dietary sources besides coffee, including tea, cocoa, 

confectionary and soft-drinks, and in m edications such as over-the-counter analgesic 

agents. Average caffeine consumption from all sources is estimated at 76mg per day in 

adults but ranges up to 400mg per day in Scandinavian countries (Nehlig, 2004b).

Effects of C affeine on the CNS

Caffeine has multiple diverse effects on the central and peripheral nervous system, 

which are observed at different doses. The neurological effects of caffeine are mainly 

due to blockade of tonic adenosine activiation of Ai and A:a receptors. Adenosine 

receptors occur in multiple body tissues. Ai receptors are w idely distributed through 

the brain, but are most concentrated in the hippocampus, cortex and cerebellum; A l 

receptor activation inhibits excitatory neurotransmission. At higher experimental 

doses caffeine causes phosphodiesterase blockade and interacts with ion channels 

regulating intracellular calcium, and GABA and glycine receptors (Fredholm and 

Daly, 2004).Caffeine also has secondary effects on other neurotransmitters, including  

adrenaline, dopamine, serotonin, acetylcholine and glutamate (Fredholm et al., 1999). 

The reticular activating system (RAS) may also contribute to the effect of caffeine on 

arousal. Caffeine increases the rate of synthesis of catecholemines, which may mediate 

an effect of caffeine on the reticular activating system  (Nehlig et al., 1992).

There is considerable evidence that the main arousal effects of caffeine are m ediated

by blockade of striatal A i a  receptors (Huang et al., 2005) on GABA-ergic neurons in

the dopam ine areas of the brain: the nucleus caudatus, putamen, nucleus accumbens

and tuberculum olfactorium (Svenningsson et al., 1999, Fredholm and Daly, 2004). The

A 2a receptors Aza receptors inhibit the NM DA component of excitatory postsynaptic

currents (EPSCs) in striatal neurons (Gerevich et al., 2002), and modulate the firing of
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basal ganglia GABA-ergic neurons. Adenosine receptors are also inhibited by 

caffeine's metabolites theophylline and paraxanthine (Svenningsson et al., 1999). 

Caffeine blocks adenosine binding, deactivating the GABA-ergic neurons, thereby 

reducing the inhibition of the striatal dopaminergic system resulting in increased 

wakefulness (Lorist et al., 2004b).

Caffeine and Arousal

Arousal is a physiological and psychological state of activation of the brainstem  

reticular activating system, excitation of the cerebral cortex and activation of the 

autonomic nervous system (Gray 1964). 'Arousal' has been defined as a 'state variable 

reflecting current energetic factors' (Barry et al., 2005)pp.2694, as distinct to 

'activation' which may be defined as a change in arousal from a baseline state in 

response to a task. Arousal and activation are thought to be separate systems with 

different neural substrates (Pribram and McGuinness, 1975, Barry et al., 2005). Three 

main methods used to m odulate resting arousal state in studies of arousal (Barry et al., 

2011) are the change from an eye-closed to eyes-open condition, noxious stimuli and 

adm inistration of caffeine. For this study, administration of caffeine was used. It is not 

possible to implement the former (eyes open versus eyes closed) with our OMT 

system, since direct eye contact is required, and eyelid contact w ith the probes causes 

distortion of the records. The second, noxious stimuli, was not directly assessed in this 

study.

Caffeine is a useful means of pharmacologically modulating arousal, since increased

physiological arousal is one of the primary effects of caffeine in hum ans (Flaten and

Blumenthal, 1999, Lyvers et al., 2004, Barry et al., 2008) and it is well studied in terms

of other indices of arousal. Studies of the effect of caffeine on skin conductance level

(SCL) and EEG indices suggest caffeine increases arousal but not activation. Both SCL

and EEG are long-established measures of arousal in psychophysical studies (Wallin,

1981), based on their response to changes with plasma stress hormones, anaesthesia

w ith various agents (Ledowski et al., 2006b, Ledowski et a l, 2006a), and changing

from an eyes open to eyes closed position (Barry et al., 2007), and fMRI studies

(Critchley et al., 2000, Ledowski et al., 2006b) of topographic brain activity during

states of increased arousal. Caffeine consumption is also associated w ith an increase in

'Critical Flicker Fusion Threshold' (CFFT, a subject's threshold of perception of fusion

of a flickering light, an index of CNS arousal) (Bruce et al., 1986), although there are
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some conflicting reports (Lorist et al., 2004a). SCL (Bruce et al., 1986, Barry et al., 2005) 

and EEG (Bruce et al., 1986, Siepmann and Kirch, 2002, Barry et al., 2005), show 

consistent responses to caffeine, confirming caffeine as a means of pharmacologically 

modulating arousal (Barry et al., 2005).

Effects of Caffeine on M uscle and Trem or

Caffeine has acute effects on muscle function and tremor. Num erous studies have 

shown caffeine doses of between 5 and 9mg/kg increases muscle endurance during 

various types of exercise (Jackman et al., 1996, Bell et al., 2001). This effect is ill- 

defined but is thought to be mediated by actions of caffeine either on the muscle or 

neural processes contributing to muscle action.

The effect of caffeine on tremor of the extremities is not well defined. There are 

conflicting reports of the effects of oral caffeine on physiological, essential and 

parkinsonian tremor (Koller et al., 1987, Morgan and Sethi, 2005). Caffeine can both 

exacerbate peripheral muscle tremor and induce tremor at very high doses (2000mg). 

Caffeine may increase task-related tremor (Morgan and Sethi, 2005). Studies using 

accelerometry to objectively measure trem or provide limited support for increased 

finger (Wharrad et al., 1985) and whole arm (Miller et al., 1998) physiological tremor 

at relatively high doses of caffeine. Others found no significant effect of caffeine on 

finger tremor, but found the subjective feeling of tremulousness after caffeine 

consumption was significantly increased (Bruce et a l, 1986).

Another potential effect of caffeine on muscle function is via changes in calcium

homeostasis. Caffeine causes muscle contraction by releasing intracellular calcium

from the sarcoplasmic reticulum in muscle, and the endoplasmic reticulum in both

neurons and muscle via the ryanodine-sensitive calcium channel (Fredholm and Daly,

2004). Very high doses of caffeine cause increased release of calcium in extraocular

muscles resulting in significantly increased force of contraction in rat extraocular

muscles (Andrade et al., 2005). These effects occur at very high experimental caffeine

concentrations, but subtle effects may occur at lower concentrations. In addition,

caffeine inhibits binding of benzodiazepine agonists to GABAa receptors, likely

responsible for the convulsive effects of very high caffeine doses. These effects are

only observed experimentally at extremely high caffeine concentrations (Fredholm

and Daly, 2004) and are unlikely to occur at caffeine doses used experimentally.
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W ithdrawal symptoms from caffeine include drowsiness, increased muscle tension 

and even occasionally tremor. W ithdrawal generally begins at 12 to 24 hours and 

peaks at 20 -  48 hours after cessation of caffeine consumption, independent of amount 

of habitual caffeine consumption (Nehlig, 2004b). Therefore, the abstention of subjects 

from caffeine in this study for 12 hours (overnight) is unlikely to produce significant 

w ithdraw al effects in subjects.

In summary, m ultiple hypotheses could account for the small increase in OMT 

frequency param eters observed in this study, including;

1. Direct or indirect arousal-related effects on the reticular activation system: via 

blockade of adenosine A2A receptor mediated effects on the arousal- 

controlling neural network, the main arousal-related caffeine effect, or via a 

direct effect of a caffeine-mediated increase in catecholamines on the reticular 

activating system (RAS). The ocular motor nuclei are em bedded in the 

reticular formation in the brainstem, and altered inputs from the RAS could 

mediate a change in firing pattern of neurons in the 'oculom otor plant' which 

produce the tonic innervations to the extraocular muscles.

2. Other effects of caffeine on adenosine receptors in areas of the CNS other than 

the arousal system, such as the cerebellum and thalamus, im portant in motor 

control.

3. Altered muscle tone: via increased intracellular calcium causing increased 

muscle contraction in the extraocular muscles.

4. Caffeine related increase in physiological tremor.

5. Effect of caffeine on dynam ic properties of the eye, such as intraocular 

pressure.

6. Caffeine-mediated increase in systemic blood pressure.

7. Effects of caffeine on other fixational movement, such as microsaccades.

8. Increased tension in extraocular muscles due to w ithdraw al from caffeine as 

part of the study protocol.
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This study was not designed to investigate these hypotheses. Further studies are 

required to investigate these possibilities. However, based on the analysis of the 

current study support for some hypotheses is presented while others can be 

discounted.

This chapter's main experimental hypothesis is that increased arousal following 

caffeine consumption will be accompanied by an increase in OMT frequency 

parameters. If caffeine affects arousal at the level of the reticular-formation, this 

modulation should induce a change in OMT spectral content or frequency. This study 

investigated the acute effect of caffeine consumption on ocular microtremor 

parameters, providing further support for the link between OMT and arousal.

A secondary aim was to investigate caffeine as a potential confounding factor in 

studies of OMT. Given that caffeine is the most widely consumed psychostimulant 

substance, if caffeine, by modulating arousal, alters OMT parameters, it could distort 

the findings in clinical studies of OMT. Caffeine-related increases in OMT frequency 

could mask a real reduction in OMT frequency in conditions of reduced arousal, for 

example. Furthermore, since most individuals are unaw are of caffeine present in 

commonly consumed products (Johnson-Greene et al., 1988), subjects in studies may 

be under the influence of caffeine without reporting it to investigators. In clinical 

studies it is not always possible for subjects to follow an experimental protocol 

abstaining from substances such as caffeine for 12 hours prior to OMT measurement, 

particularly in studies where measures are taken in time-sensitive situations, for 

example following acute stroke or brain injury.

Caffeine reaches peak concentration in plasma 15 -1 2 0  minutes after ingestion 

(Fredholm et al., 1999), and it has a half-life of 2.5 to 4.5 hours for doses of up to 

lOmg/kg in hum ans (Am aud, 1987). The responses of autonomic measures of arousal 

to orally administered caffeine on arousal appear approximately 20-30 minutes after 

consumption and continue for at least 25 -  30 minutes (Barry et al., 2008). OMT 

recordings in this study were made at 30 and 90 minutes post-treatment to capture 

this period of peak plasma concentration and the period when arousal effects have 

been identified for autonomic measures of arousal. We expected to see the peak effect 

of caffeine on OMT param eters at 30 minutes, corresponding to the time of peak effect

of caffeine on other measures of arousal (Barry et al., 2008).
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Saliva concentrations of caffeine are a reliable index of caffeine levels in plasma, 

generally reaching 65-85% of plasma levels (Fredholm et al., 1999, Khanna et al., 1980, 

Brice and Smith, 2001), the elimination half-lives for caffeine in saliva and serum  are 

well correlated, and saliva can be easily collected non-invasively. Saliva caffeine 

concentrations were measured at baseline and at post-treatm ent tests to investigate 

whether plasma caffeine level correlated with OMT frequency param eters, and to 

allow for the use of saliva caffeine level as a covariate in the analysis given the known 

large individual variations in caffeine metabolism and sensitivity (Fredholm et al., 

1999).

Taking account of the considerable inter-individual variability in caffeine 

pharmacokinetics (Fredholm et al., 1999), a placebo-controlled repeated-measures 

cross-over study design was used to investigate the effects of acute caffeine 

consum ption on OMT parameters in healthy subjects. The main advantage of the 

cross-over design is a gain in efficiency: caffeine versus placebo effects are examined 

within each individual, so individual variability does not contaminate the 

comparison: each subject acts as his own control. A potential weakness of cross-over 

studies is the possibility of carryover effects. A carryover effect is observed when the 

effects of the first treatment persist into the second treatment testing period and 

distort the effects of the second treatment (Altman, 1991b). This is unlikely in the case 

of acute caffeine consumption, as a single dose of caffeine has a relatively short half- 

life, and any effects would be negligible one week later. Furthermore, a carryover 

effect was tested for in the analysis and was not significant.
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8.2 Aims

1. The primary aim of this study was to investigate the hypothesis that increased 

arousal following caffeine consumption is associated with an increase in OMT 

frequency parameters. If caffeine affects arousal at the level of the reticular- 

formation, a change in OMT spectral content or frequency should be observed 

following caffeine consumption. This will build further evidence for OMT as a 

measure of arousal, and reticular formation activity.

2. The secondary aim was to investigate the potential confounding influence of 

caffeine on studies of OMT. Since caffeine is the most commonly used 

psychoactive substance, an effect of caffeine on OMT could confound clinical 

studies of OMT parameters.
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8.3 Methods

The effect of a single oral dose of caffeine on OMT was examined in a randomised 

double-blind placebo-controlled repeated measures crossover study. Twenty-one 

healthy subjects participated in two testing sessions at least one week apart to 

minimise any potential carryover effect between testing sessions. The two test sessions 

were perform ed at the same time of day for each subject to mirumize possible bias due 

to circadian variation in treatment effects or OMT measurements. Subjects were 

randomized to receive either caffeinated or decaffeinated coffee first, eleven received 

caffeinated coffee first, and ten received decaffeinated coffee first.

8.3.1 Subjects

Twenty-one healthy volunteers (mean age 33 years, range 24 -  54 years, 11 male) were 

enrolled. Subjects were screened for neurological or psychiatric disorders and 

previous head injury and were not taking any psychoactive drugs. Subjects had 

unremarkable ophthalmic history and examination. Typical daily caffeine useage was 

estimated and recorded for each subject based on self reports of coffee, tea, caffeinated 

drinks consumption (according to published estimates of caffeine contents in 

coffee/tea/cola (Fredholm et al., 1999, McCusker et al., 2006a)). Subjects were required 

to abstain from caffeine and other psychoactive substances for at least 12 hours prior 

to each testing session. Caffeinated drinks were allowed during the one-week period 

between tests, but subjects again abstained from caffeine for 12 hours prior to the 

second test. Subjects completed a written self-report questionnaire on their habits of 

caffeine consumption (discussed below). Written informed consent was obtained from 

each subject, in accordance w ith the protocol approved by SJH/AMNCH joint ethics 

committee.
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8.3.2 Experimental Procedures

Testing Session Protocol

Subjects had a light breakfast (e.g. toast / cereal) at least 1 hour before the test sessions. 

On arrival at the laboratory, baseline measurem ents of OMT, blood pressure, heart 

rate (using a 'D inam ap' automated oscillometric device (GE Medical Systems 

Information Technologies, Inc., Milvv'aukee, Wisconsin)) and saliva (for caffeine 

analysis) were taken. Subjects were given a drink of 355g of coffee (caffeinated or 

decaffeinated) with 5g of full-fat milk (3kCal) (with the subject and study investigator 

blind to treatment), which they were required to drink within 10 minutes. Coffee and 

decaffeinated coffee were brewed according to a standardized protocol (see below). 

The experiment was double-blind because neither the operator who conducted the 

OMT measurements, nor the subjects, were informed about the mixture of the drink. 

At 30 and 90 m inutes after finishing the coffee, subjects gave another sample of saliva. 

Repeat measures of OMT, blood pressure and heart-rate were also perform ed at these 

time-points.

Coffee- and Decaffeinated Coffee- Brewing Protocol

Coffees (brew^ed using "Starbucks" ™ arabica caffeinated and decaffeinated "House 

Blend" ground coffee beans) were labelled 'A ' and 'B' by an assistant (the investigator 

(author) was blind to labelling). Tlie caffeinated and decaffeinated coffee 'treatm ents' 

were brewed according to the following protocol, designed to maximise the caffeine 

content of the treatment dose, and standardise as much as possible:

Three level spoons (22g) of coffee (substance 'A ' or 'B') were added to a cafetiere. 

425mls of boiled water was poured into the cafetiere 10 seconds after boiling. The 

coffee was stirred at 2 minutes, and the cafetiere plunger was depressed at 4 minutes. 

355ml of brewed coffee (A or B) was added to 5ml of fresh full-fat milk. The final 

volume of coffee was therefore 360ml, equivalent to a 12 ounce cup of filtered coffee 

(or a 'Tall' Starbucks ™ coffee). The coffee dose was adm inistered to the subject 

immediately. Subjects were required to consume the coffee within 10 minutes.

Reported caffeine contents for different preparation m ethods are 50 -  143mg per 

177ml (6oz) coffee (Bell et a l, 1996). A French press method was used to brew the
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coffee for ease of standardization of brewing by the investigator. 5ml samples of coffee 

brews 'A ' and 'B' were analysed in a laboratory for caffeine content by high 

performance liquid chromatography (HLPC). The method was a modified version of 

that used by (Blauch and Tarka, 1983). The estimated caffeine contents were 2.7mg/ml 

for Coffee 'A ' (decaffeinated) and 46mg/ml for Coffee 'B' (caffeinated). The estimated 

dose of caffeine for Coffee 'A ' was 2.7mg/100ml 355ml = 9.6mg caffeine; the 

estimated dose of caffeine for Coffee 'B' was 46mg/100ml *355ml = 163.3mg caffeine. 

The dose for an average 60-70kg subject was therefore 2.3 -  2.7mg/kg for caffeinated 

and 0.14 -  0.16mg/kg for decaffeinated coffee. An average cup of filtered coffee 

contains 150mg caffeine, and instant coffee contains 66mg caffeine (McCusker et al., 

2006a, Fredholm et al., 1999). The dose of caffeinated coffee was therefore equivalent 

to a strong cup of filtered coffee or 2.5 cups of instant coffee.

H abitual Caffeine Consum ption

Subjects completed a retrospective written self-report questionnaire on their habitual 

caffeine consumption. The questionnaire was a modified version of the validated 

'Caffeine Consumption Questionnaire' (CCQ) (Shohet and Landrum, 2001). Each 

subject's average caffeine intake per week was quantified from this questionnaire 

based on published estimates of caffeine content of consumed foods, beverages and 

over-the-counter medications (McCusker et al., 2006a, McCusker et al., 2006b, 

Fredholm et al., 1999). Subjects were classified based on recommendations for 

standardisation of caffeine studies (Bruce et al., 1986), as 'heavy caffeine consumers' 

(HCC) -  subjects who habitually consume at least 400mg caffeine per day, 'm oderate 

caffeine consumers' (MCC) -  who consume less than 400mg per day but more than 

500mg per week, and 'light caffeine consumers' (LCC) -  who consume 500mg per 

week or less. Written informed consent was obtained from each subject, in accordance 

with protocol approved by SJH/AMNCH joint ethics committee.

Ocular M icrotrem or M easurem ents

OMT was recorded following the protocol described in detail in Chapter 5 section 6.

Blood pressure and heart rate during each 15 second measurem ent period were

recorded. Study measurem ents were perform ed in a quiet dimly lit room (natural

daylight) in the research laboratory. Each OMT trace (one from the right and left eye

for each subject per trial) was analysed and OMT frequency and burst/baseline

param eters (WPC, ARS peak, Fbu, Fba, NBu, BSPR, PROBa, MDBu, MDBa) were
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estimated as described in Chapter 4 section 3 (Al-Kalbani, 2009). Traces were 

examined irutially for evidence of 50Hz interference or other artefacts causing 

distortion of the signal. Subjects were asked to report whether or not they could 

subjectively feel either probe touching their eye during the test. Subjects were asked to 

report any unusual side-effects following drug adm inistration to the study 

coordinator by phone.

Salivary Caffeine M easurem ents

Each subject's saliva sample was collected at baseline and at 30 and 90 minutes post

treatment. Subjects were required to rinse their m ouths with water immediately after 

consuming the coffee to eliminate coffee residue from the mouth, as coffee residue can 

affect estimation of salivary caffeine levels (Biederbick et al., 1997). Saliva was 

collected in chewable cotton wads of Salivettes. Saliva caffeine samples were 

processed within 30 minutes of sampling. Saliva was extracted from the Salivettes by 

centrifugation at 3000rpm for 5 minutes. The samples were frozen at -80deg for later 

batch analysis in the laboratory. The HPLC analysis of caffeine concentration in saliva 

was performed based on a modified version of previously published methods (Scott et 

al., 1984).

8.3.3 Data analysis

OMT parameters and salivary caffeine concentrations were calculated at multiple 

time-points before and after coffee (caffeinated and decaffeinated) administration. The 

effect of treatment (caffeinated or decaffeinated) in terms of change in OMT 

parameters over time (tests at baseline, 30 and 90 minutes) was analysed via 

individual univariate GLM-ANOVAs for each param eter with 'Treatment'

(caffeinated or decaffeinated) and 'Time' (baseline, 30- and 90- minutes post

treatment) as fixed factors and with 'G roup' (whether subjects received caffeinated or 

decaffeinated coffee first) and 'Subject' as random  factors. As there was no significant 

difference between 'G roups' (i.e. between subjects who were randomized to receive 

caffeinated coffee first compared to those who received decaffeinated coffee first), it 

was assumed that there was no carryover effect, and further analysis did not include 

'G roup' in the model.
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Since this was an exploratory analysis with the possibility of increased type I error 

due to testing of multiple additional parameters, the relatively conservative 

m ultivariate statistics are also reported for OMT parameters, based on an overall 

MANOVA comparing tests at 30 and 90 minutes post-treatment.

The relative effect of caffeine compared to decaffeinated coffee on OMT peak count 

(WPC) was also explored using linear regression lines forced through the origin. This 

produces equations of the form 'y = ax', where the slope 'a ' indicates the relative 

impact of the treatment on the relationship between 'x ', OMT at baseline, com pared to 

'y ' OMT frequency 30 minutes post-treatment. If 'a ' = 1, there is no effect of treatment 

on OMT frequency. For the caffeinated coffee, 'a ' >1 is expected, indicating an increase 

in OMT frequency in response to arousal. For decaffeinated coffee, 'a ' = 1 is expected 

indicating no effect.

Data were analysed using SPSS version 16 for Windows (SPSS, Inc). Data for different 

factors under comparison were first tested for normality of distribution using the 

Shapiro-Wilk test (as the samples contain fewer than 2000 data points). For post-hoc 

pairwise comparisons, levels of independent variables were compared using paired t- 

tests with Bonferroni correction (probability level set at (0.05 / (number of tests)).

While there is no one 'ideal' m ethod of setting a significance level for a particular 

study, a valid approach is to consider the goals of the study, and with knowledge of 

the data from previous studies and the variables under test, the experim enter decides, 

a priori, on a rational approach to balance type I and II errors. In other words, the 

significance level should be chosen after considering costs and benefits of various 

significance levels (Grove and Andreasen, 1982).

In exploratory analyses it may be argued that is it advantageous to take a greater risk

of type I error in order to find relationships which warrant further investigation. In

such cases, the risk of type II error may indeed be more problematic than type I error

as it reduces the possibility of prematurely discarding a possibly useful dependent

variable. However, w ithout some correction, m ultiple comparisons introduce a sharp

inflation of predefined alpha levels, which may be overlooked by simply assessing the

traditional significance level. For example, in a study such as this with 9 variables
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under test, without correction for multiple comparisons the true risk of type I error 

would be in the region of [1 -  (1 -  0.05) ]̂ = 0.3697, rather than 0.05 (Grove and 

Andreasen, 1982). The design of the study was taken into account when deciding to 

use conservative statistics -  a repeated-measures crossover design is ideal to find a 

real difference if one exists.
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8.4 Results

All 21 subjects completed both treatment sessions. Although subjects were not 

informed which treatment (caffeinated or decaffeinated) they received at either 

session, of 42 test sessions (2 sessions per subject), subjects correctly guessed the 

treatment was caffeinated or decaffeinated in 18 cases (43%), subjects were incorrect in 

18 cases (43%) and did not know which treatment they had received in 6 cases (14%).

Three of 21 subjects (14%) reported feeling 'jittery' following the caffeinated coffee 

treatment, and one subjects reported a subjective feeling of increased energy. There 

were no reports of subjective symptoms following decaffeinated coffee treatment.

None of the 252 recordings were contaminated with 50Hz interference. Four 

recordings contained gross distortions (3%) and were excluded from the analysis of 

OMT param eters as discussed in Chapter 6. Therefore 248 records were available for 

analysis of of all OMT parameters.

Of 126 OMT tests (6 test periods per subject), subjects did not feel the probes in 54 

cases (43%), subjects reported a mild sensation due to probe contact but w ithout 

discomfort in 67 cases (53%) of cases, and subjects reported discomfort in 5 cases (4%). 

Among the five cases (10 records: two recordings per case, one in each eye) with 

subject discomfort, six of the ten recordings were contaminated with gross distortion, 

and four were clean traces. Among the 67 cases (134 records) w here subjects 

experienced m ild sensation, one showed gross distortion. Am ong the cases where 

subjects did not feel the probe contact, none showed gross distortion.
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Self-reported Habitual Caffeine C onsum ption

Subjects' m ean self-reported caffeine consumption by retrospective questionnaire was 

1613 mg per week (SD 1048.4 mg per week, median 1368 mg per week, range 200 -  

4410 mg per week), equivalent to 225 mg per day (median 195mg per day, range 30 -  

630 mg per day). The majority of subjects (15 of 21, 71%) were 'm oderate caffeine 

consumers' (MCC), three (14%) were 'light caffeine consumers' (LCC) and one was a 

'heavy caffeine consumer' (HCC). Two subjects' caffeine consumption was not 

available.

Saliva Caffeine Concentrations

As expected, saliva caffeine concentration (SCC) increased significantly over time for 

the caffeinated coffee (Coffee; SCC, time f(2,60) 58.18, p< 0.001) but not for 

decaffeinated coffee (Decaff: SCC, time, f(2,60) 0.23, p = 0.793) (Univariate ANOVA on 

SCC with time (0, 30, 90) as a fixed factor and including intercept in model). Means 

and standard deviations for SCC at each time point are shown in Table 8.1, and 

increases in SCC at 30 and 90 minutes in Table 8.2.

Post-hoc analyses showed SCC was significantly increased compared to baseline at 30 

minutes (mean difference 4.6ug/ml, 95% Cl (3.5, 5.7), p < 0.001) and 90 minutes (mean 

difference 3.84, 95% Cl (2.7, 5.0), p < 0.001), but there was no significant difference 

between 30 and 90 minutes (p = 0.303). Figure 8.1 shows the significant difference in 

estimated marginal means at 30 and 90 minutes post-caffeinated coffee.

There was no significant difference between males and females in SCC levels among 

all tests for caffeinated and decaffeinated coffees (for ANOVA on time, gender, 

time*gender, ps: gender 0.125, time*gender 0.725). However, sub-analyses showed for 

the caffeinated coffee treatment, females had a significantly higher SCC than males 

across all time points (mean difference l.Olug/ml, 95% Cl (0.32,1.70), p = 0.005) as 

shown in Figure 8.2.

There was no significant difference in SCC based on habitual caffeine consumption

('CaffHabit') between light, moderate and heavy caffeine consumers (LCC, MCC and

HCC) for caffeinated and decaffeinated coffees (for ANOVA on time, CaffHabit,

time^CaffHabit, ps: CaffHabit p = 0.336, time*CaffHabit p = 0.810). There was a trend

towards higher SCC among subjects with heavy habitual consumption compared to
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moderate and low consum ption (Figure 8.3 show s the differences in estimated 

marginal means between groups and Figure 8.4 shows the weak linear relationship 

between change in SCC from baseline and habitual caffeine consumption), but this 

difference was not significant.

A sub-analysis was conducted investigating the subjective feeling of 'jitteriness' or 

'trem ulousness' following caffeine and decaffeinated treatments. Subjects were asked 

to subjectively state whether they felt 'jittery' or trem ulous at 30 minutes following 

caffeine or decaffeinated coffee treatment. Four of 18 subjects questioned (22%) at 30 

minutes post-caffeine reported a subjective feeling of 'jitteriness', while none of 11 

subjects questioned at 30 minutes post-placebo reported 'jitteriness'. The 8 OMT 

records (one for each eye per case) from subjects felt subjectively jittery at 30 minutes 

post-caffeine were compared to the 28 records from subjects did not feel jittery 30 

minutes post-caffeine: there was no significant difference between the two subject 

groups in habitual caffeine consumption, saliva caffeine concentration or increase in 

saliva caffeine concentration from baseline. There was a trend towards slightly higher 

OMT peak frequency at 30 minutes after caffeine consumption among those subjects 

who experienced jitteriness compared to those who did not experience jitteriness, 

although this did not reach significance.
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Test

SCC Caffeinated 
Coffee Session

SCC Decaffeinated 
Coffee Session

ANOVA caffeinated vs. 
decaffeinated

Mean
(ug/ml)

SD
(ug/ml)

Mean
(ug/ml)

SD
(ug/ml)

F-statistic
(1,40)

Sig. (2- 
tailed)

Baseline 0.99 0.79 0.85 0.82 0.3 0.578

30 minutes 5.59 1.84 0.95 0.82 110.9 <0.001

90 minutes 4.82 1.60 1.04 0.99 84.7 <0.001

Table 8.1. Mean (SD) saliva caffeine concentration (SCC) estimates at baseline, 30 and 

90 minutes post-treatment for caffeinated and decaffeinated coffee sessions in all 

subjects (n = 21).

Test

Increase in SCC for 
Caffeinated Coffee 

Session

Increase in SCC for 
D ecaffeinated 
Coffee Session

ANOVA Increase in SCC for 
Caffeinated vs. 

Decaffeinated Coffees
Mean

(ug/ml)
SD

(ug/ml)
Mean

(ug/ml)
SD

(ug/ml)
F-statistic

(1,40)
Sig-

(2-tailed)

30 minutes 4.60 1.70 0.12 0.34 133.8 <0.001

90 m inutes 3.84 1.53 0.05 0.31 110.6 <0.001

Table 8.2. Mean (SD) increase in saliva caffeine concentration (SCC) estimates at 30 and 

90 m inutes post-treatment for caffeinated and decaffeinated coffee sessions in all 

subjects (n = 21).
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Figure 8.1 Mean saliva caffeine concentration (SCC) estimates for the caffeinated and 

placebo (decaffeinated coffee) treatment sessions. Data correspond to baseline (0), 30 

and 90 minutes; error bars represent 95% CIs for mean. Significant at p < 0.001.
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Figure 8.2 Estimated marginal means for Saliva Caffeine Concentration (SCC) for 

males and females following caffeine and placebo.
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Figure 8.3 Estimated marginal means for Saliva Caffeine Concentration (SCC) for 

subjects with heavy, moderate and light habitual caffeine consumption, following 

caffeine and placebo (decaffeinated coffee) treatments.
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Figure 8.4 Relationship between change in Saliva Caffeine Concentration (SCC) from 

baseline and habitual caffeine consumption, for measurements at 30 and 90 minutes 

after caffeine and placebo (decaffeinated coffee) treatments. Line is regression fit line 

at mean with confidence interval +/- 2 standard errors of the mean.
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Haem odynam ic M easurem ents

Means and standard deviations for heart rate, systolic and diastolic blood pressure 

m easurements under different treatment conditions are presented in Table 8.3. There 

was a significant effect of test time (baseline vs. 30 vs. 90 minutes) on heart-rate 

(f(2,125) 17.0, p < 0.001), but treatment and the treatment*time interaction were not 

significant. Post-hoc analyses showed a significant decrease in heart rate for both 

caffeinated and decaffeinated coffee between baseline and 30 minutes (mean 

difference 7bpm, 95% Cl (3,10), p < 0.001) and between baseline and 90 minutes 

(mean difference 8bpm, 95% Cl (5,12), p < 0.001) but no significant difference between 

30 and 90 minutes (see Figure 8.5 estimated marginal means for heart rate, systolic 

and diastolic blood pressure). There was no significant effect of treatment, time or 

treatment^time on systolic (ps > 0.578) or diastolic blood pressure (ps > 0.801). 

Therefore heart rate is a possible confounding factor and is included in the ANOVA 

analysis of the main outcome measures.

Microsaccades

Tlnere was no significant treatment effect on the num ber of microsaccades per trace 

(Figure 8.6), [treatment, F(l,125) 2.11, p = 0.149; treatment*time, (F(2,125) 1.32, p = 

0.271]. There was no difference in num ber of microsaccades per trace for subjects who 

experienced a mild sensation of probe contact vs. those who did not feel probe contact 

(p = 0.987, Table 8.4), but there were significantly more microsaccades per trace for 

recordings where subjects felt discomfort (mean difference 22 microsaccades, 95% Cl 

(15, 29), p < 0.001)
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Caffeinated Coffee T reatm ent Decaffeinated T reatm ent

Time post-treatm ent
HR

Blood pressure 

(mmHg) HR
Blood pressure 

(mmHg)
(b.p.m.)

Systolic Diastolic
(b.p.m .)

Systolic Diastolic

Baseline 63(7) 113(11) 70 (7 ) 64 (10) 112(10) 70 (8 )

30 minutes 56(7 ) 114(11) 71 (8 ) 57(6 ) 111(11) 70(9)

90 minutes 55 (6) 112 (9) 71 (7) 55 (6) 113(12) 71(9)

Table 8.3 Mean (SD) heart rate (HR), systolic and diastolic blood pressure at baseline, 

30 and 90 minutes post-treatment for the caffeinated and decaffeinated coffee 

treatment sessions (n = 21).
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Figure 8.5 Mean heart-rate, systolic and diastolic blood pressure (BP) following 

caffeinated and decaffeinated coffee at baseline, 30 and 90 minutes. Error bars 

represent 95% confidence intervals for mean.
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Figure 8.6 Mean number of microsaccades per trace (15 second duration) following 

caffeinated and decaffeinated coffee at baseline, 30 and 90 minutes. Error bars 

represent 95% confidence intervals for mean.
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Effects of Caffeine on OMT Parameters

The baseline test period showed excellent test-retest reliability for all OMT 

parameters: there were no differences between baseline tests for the two sessions for 

any param eter (multivariate ANOVA on treatment, eye, treatment*eye; treatment ps > 

0.184 for all parameters). ANOVA testing for a group effect (i.e. whether subjects 

received the decaffeinated or caffeinated coffee treatment first) was non-significant for 

all parameters (multivariate ANOVA on treatment, group; ps > 0.357), implying no 

carryover effect.

The F-statistics, significance level and relative effect sizes (partial-eta^) for all nine 

parameters from the univariate ANOVAs, and the MANOVA, with their 

corresponding model design, are shown in Table 8.4 and 8.5. Estimated marginal 

means at all time points following caffeine and placebo are shown in Figure 8.7.

There was a significant effect of treatment (caffeinated coffee vs. decaffeinated coffee) 

on OMT peak frequency estimates (WPG, ARS peak, FBu, FBa) after coffee treatment 

[MANOVA WPC: treatment, F(l,218) 57.8, p < 0.001; ARS: treatment, F(l,218) 63.2, p < 

0.001, see Table 8.5 for other parameters]. There was also a significant effect of 

treatment on BSPR and MDBu. The effect of treatm ent was more pronounced when 

baseline tests were excluded from the analysis (Table 8.5), and the treatment effect 

became significant for PROBa (p = 0.029).

Post-hoc comparisons (Bonferroni corrected, based on estimated marginal means, 

shown in Table 8.7) revealed estimates for WPC, ARS peak, FBu and FBa were 

significantly higher post-caffeinated coffee com pared to decaffeinated. The increases 

were small (3.5 -  5.9 Hz) but significant (ps < 0.001). MDBu was also slightly higher 

following caffeinated compared to decaffeinated coffee (mean difference 1.1 ms, p = 

0.004), while BSPR and PROBa were slightly lower following caffeinated com pared to 

decaffeinated coffee (ps < 0.001 and 0.029 respectively). No effect of treatment was 

seen for NBu (although there was a trend towards slightly more bursts with 

caffeinated coffee treatment compared to decaffeinated) or for MDBa.

There was a trend towards a reduction in WPC and ARS peak with time post-

decaffeinated coffee, but this did not reach significance except for ARS peak at 90
229



minutes vs. baseline (based on pairwise comparisons of estimated m arginal means, 

mean difference for ARS peak: -2.03 Hz, 95% Cl for difference (-3.4, -0.6 Hz), p =

0 .002).

There was a significant increase in WPC, ARS peak, FBu and FBa at both 30 and 90 

minutes post-caffeinated coffee compared to baseline (Figure 8.7). Based on pairwise 

comparisons of estimated marginal means, m ean increase in WPC com pared to 

baseline was 2.3 Hz at 30 minutes (95% Cl (1.2, 3.5), p < 0.001) and 1.9 Hz at 90 

minutes (95% Cl (0.8, 3.0), p < 0.001). There was no significant difference between 30 

and 90 minutes for either param eter (ps = 0.909, 0.153).

There was no significant effect of subjective sensation of probe contact with the eye 

(without discomfort) on any of the nine OMT param eters (Table 8.8). However, for the 

small num ber of recordings (10 recordings, two per subject in 5 cases) w here subjects 

felt discomfort during the test, all OMT peak frequency param eters (WPC, ARS, FBu 

and FBa) were significantly lower (by 4 -  8Hz) than recordings where subjects had a 

mild sensation of probe contact, and recordings where no sensation of probe contact 

(Table 8.8). Reflecting this reduction in OMT peak frequency, BSPR was significantly 

increased in the cases where discomfort was experienced. However, after removing 6 

records contaminated by gross distortion, this difference was no longer significant.

Figure 8.9 shows scatter plots of data from the 21 subjects in the caffeinated and 

decaffeinated treatment conditions, plotted against the corresponding individual data 

in the baseline pre-treatm ent test. Each data set is fitted with a regression line forced 

through the origin, such that the equation for each fit line indicates the alteration in 

OMT peak frequency associated with that condition, relative to baseline OMT peak 

frequency. The graph in Figure 8.9 provides a visual representation of the MANOVA 

analysis. Both regression lines adequately fit the data (regression significant at p < 

0.001). OMT peak frequency has slope with a > 1 for the caffeinated coffee treatment. 

For the placebo condition (decaffeinated coffee), the fit line approximates a = 1, 

indicating no effect.
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OMT
Parameter

Treatment 
(Caffeinated vs. Decaffeinated) Treatment * Time

df F
Sig. (2- 
tailed)

Partial
eta^ df F

Sig. (2- 
tailed)

Partial
eta^

W PC(Hz) 1,218 57.8 <0.001 0.209 4,218 7.4 0.001 0.064
ARS(Hz) 1,218 63.2 <0.001 0.225 4,218 12.3 <0.001 0.102
FBu (Hz) 1,213 22.1 <0.001 0.094 4,213 2.39 0.052 0.043
FBa (Hz) 1,213 35.4 <0.001 0.143 4,213 3.22 0.016 0.055
NBu (bursts/s) 1,213 0.83 0.364 0.004 4,213 1.08 0.370 0.020
BSPR (ra tio ) 1,213 24.6 <0.001 0.104 4,213 3.06 0.018 0.054
PROBa (%) 1,213 1.42 0.236 0.007 4,213 1.22 0.302 0.022
MDBu (ms) 1,213 4.89 0.028 0.022 4,213 1.04 0.390 0.019
MDBa (ms) 1,213 0.17 0.678 0.001 4,213 0.55 0.699 0.010

Table 8.5 F-statistics, significance level and effect size (partia l eta^) fo r Treatment and 

the Treatment *  Time interaction from  M A N O V A s on each O M T parameter w ith  

Treatment, Eye, Treatmenf^Time and Subject as fixed factors. Model: Intercept + 

Treatment + Treatment * T ime + Eye + Subject, (df: degrees o f freedom, F: F-statistic)

Treatment
OMT
Parameter

(Caffeinated vs. Decaffeinated) Treatment*Time

df F
Sig. (2- 
tailed)

Partial
eta^ df F

Sig. (2- 
talled)

Partial
eta^

WPC (Hz) 1,136 71.3 <0.001 0.344 2,136 2.42 0.093 0.034
ARS (Hz) 1,136 85.8 <0.001 0.387 2,136 4.07 0.019 0.056
FBu (Hz) 1,133 17.2 <0.001 0.114 2,133 3.82 0.024 0.054
FBa (Hz) 1,133 32.4 <0.001 0.196 2,133 2.53 0.084 0.037
NBu (bursts/s) 1,133 3.7 0.058 0.027 2,133 0.18 0.840 0.003
BSPR (ra tio ) 1,133 28.7 <0.001 0.178 2,133 4.58 0.012 0.064
PROBa (%) 1,133 4.9 0.029 0.035 2,133 0.15 0.859 0.002
MDBu (ms) 1,133 8.6 0.004 0.061 2,133 0.20 0.820 0.003
MDBa (ms) 1,133 0.93 0.335 0.007 2,133 0.53 0.588 0.008

Table 8.6 F-statistics, significance level and effect size (partia l eta^) fo r Treatment and 

the Treatment Time interaction from  a M A N O V A  fo r the nine O M T parameters, on 

the 30 and 90 m inute O M T recordings. Model: Intercept + Treatment + Treatment * 

Time + Eye + Subject.
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OMT parameter

Mean Difference 

(caffeinated -  

decaffeinated)
Std.
Error Sig.

95% Cl for Difference 

Lower Upper 
Bound Bound

WPC(Hz) 3.47 0.420 <0.001 2.64 4.30

ARS (Hz) 4.34 0.475 <0.001 3.40 5.27

FBu (Hz) 4.68 1.131 <0.001 2.45 6.92

FBa (Hz) 5.89 1.034 <0.001 3.84 7.93

NBu (bursts s'^) 0.43 0.223 0.058 -0.01 0.87

BSPR (ratio) -0.11 0.021 <0.001 -0.16 -0.07

PROBa (%) -2.1 0.94 0.029 -3.9 -0.2

MDBu (ms) 1.1 0.39 0.004 0.4 1.9

MDBa (ms) -10.4 10.79 0.335 -31.8 10.9

Microsaccades per trace -1.9 0.88 0.037 -3.6 -0.1

Table 8.7 Pairwise comparisons (Bonferroni corrected) based on estimated marginal 

means for caffeinated vs. decaffeinated coffee treatments for combined 30 and 90 

minute tests, with standard error of difference and 95% confidence interval for 

difference.
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OMT param eter

M ean Difference vs. 'No Sensation' 

Records

Std.

Error Sig."

95% Cl for

Lower
Bound

D ifference’

Upper
Bound

WPC(Hz) Mild Sensation 

Discomfort

-0.251

-4.852*

.482

1.095

1.000

0.000

-1.412

-7.494

+0.911

-2.210

ARS(Hz) Mild Sensation -0.377 .586 1.000 -1.792 +1.037

Discomfort -4.753* 1.334 0.001 -7.971 -1.536

FBu (Hz) Mild Sensation +0.048 1.313 1.000 -3.120 +3.216

Discomfort -7.500* 2.988 0.038 -14.707 -0.293

FBa (Hz) Mild Sensation -0.785 1.160 1.000 -3.583 +2.013

Discomfort -8.335* 2.639 0.005 -14.701 -1.970

NBu (bursts s'^) Mild Sensation -0.336 .238 0.478 -0.911 +0.238

Discomfort +0.463 .542 1.000 -0.844 +1.770

BSPR (ratio) Mild Sensation +0.029 .030 0.994 -0.043 +0.100

Discomfort +0.238* .067 0.001 +0.076 +0.400

PROBa(%) Mild Sensation +1.214 1.011 0.694 -1.225 +3.654

Discomfort -1.984 2.301 1.000 -7.533 +3.566

MDBu (ms) Mild Sensation +0.119 .444 1.000 -0.953 +1.190

Discomfort +0.412 1.011 1.000 -2.025 +2.850

MDBa (ms) Mild Sensation +18.030 11.365 0.342 -9.384 +45.444

Discomfort -15.959 25.853 1.000 -78.320 +46.401

M icrosaccades 
per trace

Mild Sensation +1.285 1.313 0.987 -1.883 +4.452

Discomfort +22.209* 2.987 0.000 +15.004 +29.414

Table 8.8 Post-hoc comparisons, based on estimated marginal means (Bonferroni 

corrected) comparing recordings where subjects experienced a mild sensation and 

where subjects experienced discomfort against the standard condition w’here subjects 

had no sensation of probe contact. * Indicates the mean difference is significant at the 

0.05 level.
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Figure 8.7 Estimated marginal means for the four OMT peak frequency parameters 

(WPC, ARS peak, FBu, FBa) at baseline, and 30 and 90 minutes post-treatment for 

caffeine and placebo (decaffeinated coffee) treatments.

234



•  Caffeine 
*• □  Placebo

B aseline 30 mins 90 mins B aseline 30 mins 90 mins

B aseline 30 mins 90 minsB aseline 30 mins 90 mins

B aseline  30 mins 90 mins

Figure 8.8 Estimated marginal means for the OMT param eters NBu, BSPR, PROBa, 

MDBu and MDBa at baseline, and 30 and 90 minutes post-treatment for caffeine and 

placebo (decaffeinated coffee) treatments.
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data pair for one eye for one subject for the placebo or caffeine session. The regression 

lines for the caffeine data (black line) and placebo (dashed line) are shown; the 

placebo fit line is coincident with y= (l)x, indicating no effect.
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Saliva Caffeine Level and Effects of Caffeine on OMT

The increase in saliva caffeine concentration (SCC) from  baseline, for the 30 and 90 

m inute tests for both  caffeinated and  decaffeinated coffees, w as significantly 

correlated w ith  all OM T param eters at those tim e-poin ts except NBu and  MDBa 

(Table 8.9), bu t the relationship w as w eak (relationship  for WPC and ARS show n in 

Figure 8.10). On sub-analysis of the  30 and  90 m inu te  tests post-caffeinated coffee only 

(i.e. excluding decaffeinated), there w ere no significant correlations. In addition , SCC 

d id  not reach significance as a m ain  effect for any O M T param eter in the GLM- 

M ANOVA m odel on the 30 and  90 m inute post-caffeine tests.

OMT Parameters Correlation with Change in SCC post-coffee

Pearson Correlation Sig. (2-talled)

WPC 0.278" 0.000

ARS 0.272" 0,001

FBu 0.210" 0,008

FBa 0,260" 0.001

NBu 0,146 0.069

BSPR -0.276" 0.000

PROBa -0.152’ 0.044

M D Bu 0.175* 0.029

M DBa -0.091 0.261

Table 8.9 C orrelations betw een OM T param eters and  increase in saliva caffeine 

concentration (SCC (ug/ml)) from  baseline for the tw o tests (30 and 90 m inutes, n = 

156) post-coffee (both caffeinated and decaffeinated) adm inistration . * * . C orrelation  is 

significant at the 0.01 level (2-tailed). *. Correlation is significant at the 0.05 level (2- 

tailed).
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Figure 8.10 Correlation between OMT frequency peak estimates, WPC and ARS, and 

the change in saliva caffeine concentration for the two tests (at 30 and 90 minutes) 

post-alcohol administration, for both caffeinated and decaffeinated coffees (n = 83). 

Reference lines: regression line on mean, with 95% Cl for mean of line.
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Habitual Caffeine Intake

Subjects with light, moderate and heavy habitual caffeine consumption showed 

similar patterns of changes in OMT param eters (see example graphs of estimated 

marginal means for WPC for the three groups in Figure 8.11). Habitual caffeine intake 

(LCC vs. MCC vs. HCC) was examined as a factor in a GLM-MANOVA on the nine 

OMT parameters. This factor was not significant as either a covariate or a fixed effect 

in the MANOVA. Because the groups were uneven (only one subject was a heavy 

caffeine consumer), habitual caffeine intake was also examined as a binary variable 

(divided based on the m edian caffeine intake for the sample). This binary variable 

(less than or greater than the median caffeine consumption) was not significant as a 

factor in the MANOVA model, although there was a trend tow ards slightly higher 

OMT peak frequency parameters for subjects with heavy compared to light habitual 

caffeine consumption (mean difference for WPC between subjects with heavy vs. light 

caffeine consumption 2.2 Hz, p = 0.088), with the difference being accounted for by 

HCC subjects having slightly higher WPC at baseline than LCC.
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Figure 8.11 Estimated marginal means (EMM) for WPC (Hz) at baseline and 30 and 90 

minutes post caffeinated and decaffeinated coffees for subjects with light habitual 

caffeine consumption ('LCC', defined as habitual caffeine consumption less than the 

sample median), and heavy habitual caffeine consum ption (HCC, habitual 

consumption greater than the sample median).
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8.5 Discussion

This study is the first investigation of the effect of acute caffeine consumption on OMT 

frequency param eters in healthy subjects. Consumption of a m oderate dose of caffeine 

was associated with a small but significant increase in OMT peak frequency 

parameters in healthy subjects. The changes in OMT param eters were still significant 

when corrected for haemodynamic changes and num bers of microsaccades during the 

OMT recording.

The effect size associated w ith acute caffeine consumption was relatively small, and 

was less than the 'smallest real difference' (SRD) calculated for OMT param eters 

under repeatability conditions, and well within the 95% limits of agreement under 

repeatability conditions (see Chapter 6). These findings indicate that although an 

effect of acute caffeine consumption has been identified in this study -  designed 

specifically to find a small difference if one exists (placebo-controlled, within-subjects 

crossover design) -  the effect of caffeine is smaller in m agnitude than normal inter

subject variation, and can only be detected using a robust design such as this. As such 

caffeine should be considered as a confounding effect in studies of OMT in clinical 

populations, where recent caffeine consumption by a subject m ay induce a small 

increase in OMT parameters, but it is unlikely to account for large differences in OMT 

parameters compared to estimates for a healthy population.

The main finding of the study was a small but significant effect of acute caffeine 

consumption on the OMT param eters WPC, ARS peak, FBu, FBa, BSPR, PROBa and 

MDBu. There were small (between 3 and 6Hz) but significant (ps < 0.001) increases in 

all four OMT peak frequency param eters (WPC, ARS peak, FBu, FBa) follov/ing 

caffeine treatment compared to placebo and compared to baseline. Correspondingly, 

there was a significant reduction in BSPR (reduced by 0.11, SEM 0.02), implying a shift 

from low to high frequency in the recordings, and a significant reduction in PROBa 

(reduced by 2.1%, SEM 0.9%), indicating relatively less 'baseline' in the post-caffeine 

recordings. There was a trend towards more bursts occurring in recordings post

caffeine (0.43 more bursts per second) although this did not reach significance (p = 

0.053). There was a statistically significant increase in duration of bursts (increase in 

mean burst duration (MDBu) of 1.1ms, p = 0.004), however this finding should be
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in terpreted  w ith  caution given the tiny difference is beyond the tem poral resolution of 

the OMT m easurem ent system.

W hile a num ber of factors are know n to cause a reduction  in  OM T frequency 

param eters (such as coma (Shakhnovich and  Thom as, 1977, Coakley and  Thom as, 

1977a), anaesthesia(C oakley et al., 1976), sleep(Coakley, 1976), and  d iso rders of m otor 

control associated w ith  brainstem  lesions (Bolger et al., 1999c, Bolger et al., 2000, 

Bolger et al., 1999d)), no previous study  has identified  a neurological state or 

m edication associated w ith an increase in OM T frequency param eters. OM T frequency 

param eters increase at extrem es of lateral gaze (Coakley and Thom as, 1976, Bolger, 

1994b), possibly d u e  to increased m uscle fibre recruitm ent and  firing in  extrem es of 

gaze. The cause of the sm all increase in  OMT frequency param eters seen in response 

to caffeine is unknow n. It is tem pting to conclude that the increase is directly d u e  to 

the increased arousal due to caffeine w ith in  the brain, as this is the m ain effect of 

caffeine, and the m ost robust effect seen at low  to m oderate caffeine doses such as 

em ployed in this study  (Fredholm  et al., 1999, FredhoLm and  Daly, 2004, Barry et al., 

2005). H ow ever we cannot ou tru le  an indirect effect of caffeine on brain areas 

im portan t in OM T generation  (such as the reticular form ation and  oculom otor nuclei) 

or an effect of caffeine on firing at the neurom uscu lar junction.

Tliis s tudy  d id  no t show  an effect of the acute consum ption  of this dose ofcaffeine on 

NBu and  MDBa. WPG, ARS peak, FBu and FBa are all highly correlated (see C hapter 

6) and probably  all relate to the overall OMT peak  frequency. By contrast w hile the 

reliability of the param eters NBu, PROBa, MDBu and  MDBa has been assessed w ith  

the new  OM T-PZT system  (see C hap ter 6), their validity  is no t w ell established. This 

study  p rov ides som e su p p o rt for the validity  of the param eters PROBa and  MDBu, 

since they logically reflect the changes seen in  OM T frequency w ith  caffeine, a lthough  

the findings in  respect of MDBu w ere questionable. Similar to the find ing  in C hap ter 7 

of a lack of an  effect of a large dose of alcohol on the param eters NBu, PROBa, MDBu 

and  MDBa, the lack of finding in this study  also suggests these param eters (NBu, 

MDBa, and  probably  also MDBu) are insensitive to the acute effect of caffeine, 

perhaps due  to large inter- and  intra-subject variability, or perh ap s because w hile 

'b u rs t' frequency is affected by caffeine, du ra tion  and num ber are no t affected. 

A nother possibility  is that these param eters, o r their calculated estim ates, represent

recording noise ra ther than a true eye-m ovem ent phenom enon.
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Caffeine and Placebo Treatm ents

The caffeine dose in this study was 163.3mg for the 'caffeine' treatment and 9.6mg for 

the 'placebo' treatment (decaffeinated coffee). The dose for an average 60-70kg subject 

was therefore 2.3 -  2.7mg/kg for caffeinated coffee, considered a moderate caffeine 

dose (Fredholm et al., 1999), and 0.14 -  0.16mg/kg for decaffeinated coffee. The dose of 

caffeinated coffee was therefore equivalent to a strong cup of filtered coffee or 2.5 cups 

of instant coffee (Shohet and Landrum, 2001, Barone and Roberts, 1996), and the 

decaffeinated coffee was typical of a "Starbucks" decaffeinated brew (McCusker et al., 

2006a).

Decaffeinated coffee is a commonly used placebo in studies of the effects of caffeine 

on arousal (Lyvers et al., 2004, M ahmud and Feely, 2001). Decaffeinated coffee is 

defined as a coffee with caffeine content reduced to >=0.1% of the caffeine content of 

roasted coffee beans. The coffee used in this study was decaffeinated using the 'direct 

method', whereby methylene chloride is added to pre-soaked green coffee beans to 

extract caffeine from the beans. The process is repeated until the caffeine content is 

below the legally required maximum of 0.1%, set by EU legislation (EC directives 

1999/4/EC and 2002/67/EC). The methylene chloride solvent is boiled off during 

brewing and roasting as it has a lower boiling tem perature than coffee, so residual 

solvent residue is minimal. This residue is unlikely to have effects on OMT, since it 

must be less than a safe legally fixed m aximum concentration also set by EU 

legislation. While there is limited evidence suggesting lOmg of caffeine in 

decaffeinated coffee may have some effects on cognitive performance (Haskell et al., 

2008) this placebo dose is considered negligible in studies of caffeine's effects of 

arousal: the lowest dose previously shown to affect alertness or arousal was 32mg of 

acute caffeine consumption (Lieberman, 2001).

There was no effect of placebo (decaffeinated coffee) on OMT parameters, except for a 

small reduction in ARS peak frequency which could be a Type I error, particularly 

since none of the other OMT peak frequency param eters show reductions with 

placebo. Furthermore, the decaffeinated coffee treatment proved to be a good method 

of avoiding elimination bias, since subjects performed no better than chance at 

guessing w hether their treatment was caffeinated or decaffeinated coffee.
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As expected there was no evidence of a carryover effect from one treatment session to 

another. This was expected since the sessions were separated by at least a week, 

allowing a sufficient wash-out period for the effects of caffeine. Therefore changes in 

OMT parameters following caffeine administration in this study cannot be attributed 

to a carryover effect or learning effect from the previous session.

Caffeine Pharmacokinetics and Saliva Caffeine Concentration

The protocol was designed to measure OMT at the subjects' maximum salivary 

caffeine concentration (SCC) to attem.pt to capture an effect of acute caffeine 

consumption if any is present. Caffeine is almost completely absorbed at 45 minutes 

after consumption, quickly crosses the blood-brain barrier (McCall et al., 1982) and 

reaches peak concentration in plasma at 30 minutes after oral consumption (Blanchard 

and Sawers, 1983) and in saliva at 42 +/- 5 minutes after consumption (Lorist et al., 

2004b). Multiple factors contribute to inter-individual variability in saliva caffeine 

levels, including liver metabolism and liver disease, genetic and environmental 

variability, cigarette smoking, body weight, stage in the menstrual cycle and habitual 

caffeine consumption (Lorist et al., 2004b) (Fredholm et al., 1999). The effects of a 

given dose of caffeine on an individual subject also vary depending on individual 

sensitivity to caffeine (Mandel, 2002).

The saliva caffeine levels in subjects following coffee treatments confirms the validity

of caffeinated and decaffeinated coffee treatments as 'caffeine' and 'placebo'

treatments: caffeinated but not decaffeinated coffee was associated with a significant

increase in saliva caffeine concentration of 4.6ug/ml at 30 minutes and 3.8ug/ml at 90

minutes. This was im portant since coffee was used, with a potentially variable caffeine

dose, rather than a compounded preparation of caffeine of known dose. Mean SCC

post-caffeine was 5.6ug/ml and 4.8ug/ml at 30 and 90 minutes respectively. Given

saliva caffeine concentration measured by HPLC correlates with plasma caffeine

concentration, with reported salivaiplasma caffeine concentration ratios in the range

0.7 -  0.8 for caffeine concentrations of 0.5 -  lOug/ml (Zylber-Katz et al., 1984), these

saliva levels correspond to an estimated plasma caffeine level of 7 - 8ug/ml at 30

m inutes and 6 - 6.9ug/ml at 90 minutes. Plasma caffeine concentration peaks at 30

minutes after acute oral consumption (Blanchard and Sawers, 1983), therefore this

study can be considered to investigate effects of caffeine on OMT param eters in

response to an average peak plasma caffeine concentration of 7-8ug/ml. Females' SCC
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was lug /m l higher, on average, than male subjects' SCC following caffeinated coffee, 

which reflects the higher dose by weight consumed by females, since dosing was not 

weight-adjusted. There was a non-significant trend towards higher SCC among 

subjects with higher habitual caffeine consumption, but this limited difference is 

unlikely to bias the results.

All subjects abstained from caffeine-containing substances for 12 hours prior to the 

study session, and baseline caffeine concentrations were equivalent for heavy and 

light consumers. Individual differences in baseline and post-coffee saliva caffeine 

levels may be due to non-compliance with abstinence instructions (subjects were 

instructed to abstain from caffeine-containing substances for 12 hours prior to the 

study period), or to differences in caffeine metabolism, as discussed above, and may 

have confounded some of the results.

There were small significant correlations between the relative increase in SCC from 

baseline at 30 and 90 minutes post-treatm ent with the OMT parameters. However 

these correlations were small, the highest being for WPC at 0.28, which although 

statistically significant, indicates poor correlation. Since OMT param eters did not 

correlate with post-caffeine SCC (i.e. excluding the low values of SCC from the 

placebo tests) and since SCC was not significant in the MANOVA for post-caffeine 

tests, OMT parameters are not sensitive to small changes in caffeine concentration.

Caffeine and Haem odynam ic Effects

Caffeine has known cardiovascular and haemodynamic effects. Acute consumption of 

caffeine increases blood pressure and peripheral vascular resistance, due to increased 

arterial stiffness and sympathetic stimulation (M ahmud and Feely, 2001). Caffeine 

blocks the adenosine-mediated inhibition of vasomotor tone and reduced vascular 

resistance, resulting in increases in blood pressure of up to 14mmHg systolic and 

lOmmHg diastolic at one hour post-consum ption (Robertson et al., 1978), and a slight 

bradycardia (Lovallo and Al Absi, 2004). Of note while caffeine causes peripheral 

vasodilation, it has the opposite effect on the cerebral vasculature, and acute 

adm inistration causes a reduction in cerebral blood flow (Nehlig, 2004a).

As expected, heart rate was significantly lower at 30 and 90 minutes after caffeine

consum ption compared to baseline, but no effect of caffeine on blood pressure was
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observed. The reduction in heart rate was small: 7 and 8 b.p.m. at 30 and 90 minutes 

respectively. Heart rate and blood pressure were not significant as covariates in the 

MANOVA tests of the acute effect of caffeine on OMT parameters. Therefore the 

effects of caffeine on OMT cannot be explained by haemodynamic changes following 

caffeine consumption however.

H abitual Caffeine Consum ption

Subjects' self-reported caffeine consum ption in this study (median 195mg per day, 

range 30 -  630 mg per day) approximates population means: estimates of mean 

population consumption range from 76 -  400mg per day (Nehlig, 2004b, Barone and 

Roberts, 1996, Salazar-Martinez et al., 2004), depending on population, method of 

reporting of caffeine consumption, and inclusion of different substances containing 

caffeine. However, heavy and light caffeine consumers are underrepresented in this 

sample: 15 subjects (71%) were 'm oderate caffeine consumers' (MCC, habitually 

consume 71 - 400mg caffeine per day) (Bruce and Lader, 1986), while there were only 

three (14%) 'light caffeine consumers' (LCC, consume < = 70mg caffeine per day) and 

one 'heavy caffeine consumer' (HCC, consume at least 400mg caffeine per day). The 

clustering of caffeine consumption about the m edian value limits the investigation of 

differences in OMT responses between heavy and light caffeine consumers. Although 

we used a reporting form which included all potential sources of caffeine, 

underreporting of caffeine consum ption is common (Lorist et al., 2004b) and some 

underreporting by subjects in this study is likely given the retrospective nature of the 

caffeine questionnaire. However it is possible that heavy caffeine consumers 

(underrepresented in this study) could exhibit different OMT param eter estimates to 

the subjects in this study.

There was a trend towards slightly higher OMT param eters in subjects with habitual

caffeine consumption greater than the m edian (HCC) compared to subjects with lower

habitual caffeine consumption (LCC). This finding is difficult to interpret; HCCs

m ight be expected to have higher baseline caffeine levels, translating to higher

caffeine levels throughout the study which could account for the difference, however,

HCC subjects did not have higher saliva caffeine levels at baseline compared to LCC.

This also suggests the arousal effect of caffeine on OMT parameters does not show

tolerance with habitual caffeine consumption, since the opposite finding w ould be

expected in that case (HCC subjects' OMT param eters should show a smaller increase
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post-caffeine than LCC). There was no interaction with time post-treatment, which 

suggests the difference between groups is due to some unknown group difference 

rather than an effect related to treatment.

Habitual caffeine consumers show tolerance to the effects of caffeine on heart rate and 

blood pressure, and on subjective effects such as jitteriness, anxiety and energy 

(Nehlig, 2004b). However, tolerance to behavioural effects including arousal is 

minimal and incomplete: areas in the brain which are particularly sensitive to the 

effects of caffeine, such as the caudate nucleus (involved in extrapyramidal motor 

control) and the locus coeruleus, raphe nuclei and reticular formation (involved in the 

wakefulness and arousal) do not appear to exhibit tolerance (Nehlig, 2004b).

Subjective 'Jittery ' or Trem ulous Feeling Post-Caffeine

A small number of subjects (4 of 29 cases assessed) reported a subjective jittery or 

tremulous feeling at 30 minutes post-treatment. This only occurred post-caffeine (4 of 

18 cases (22%) post-caffeine and none of 22 cases post-placebo). Subjects who felt 

jittery after caffeine did not differ significantly from those who did not experience 

jitteriness in terms of habitual caffeine consumption, saliva caffeine concentration or 

increase in saliva caffeine concentration from baseline, although this analysis is 

probably underpowered given significant individual variation in caffeine 

pharmacokinetics (Fredholm et al., 1999, Donovan and DeVane, 2001). There was a 

trend towards slightly higher OMT peak frequency at 30 minutes after caffeine 

consumption among those subjects who experienced jitteriness compared to those 

who did not experience jitteriness, though this analysis was also underpowered.

Noxious stim uli

Of 126 OMT tests subjects did not have any sensation of probe contact in 43%,

reported a mild sensation due to probe contact but w ithout discomfort in 53% of

cases, and subjects reported discomfort in 4%. Among the 10 single-eye records where

subjects experienced discomfort, six of the ten recordings were contaminated with

gross distortion, and four were clean traces. For the 10 records where subjects felt

discomfort during the test, all OMT peak frequency param eters (WPC, ARS, FBu and

FBa) were significantly lower (by 4 -  8Hz) than recordings where subjects did not

experience discomfort. Reflecting this reduction in OMT peak frequency, the BSPR

ratio (ratio of low to high frequency power in the record) was significantly increased
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in the cases where discomfort was experienced. However, this reduction in OMT 

frequency appears related to distortion of traces rather than a real reduction since 

after removing the distorted records, this difference was no longer significant. Of the 2 

cases (4 records) where subjects felt discomfort but the records did not appear grossly 

distorted, in one case the OMT peak frequency param eters were slightly higher than 

baseline, but this recording was at 30 minutes following caffeinated coffee treatment, 

so the increase could have been due to caffeine rather than a noxious effect, in the 

second case OMT peak frequency param eters were lower than baseline, possibly due 

to subtle distortion in the trace not visible on gross inspection.

These findings have two implications with respect to OMT: firstly, recordings where 

subjects report discomfort during recording should be treated with caution, and 

ideally should be discarded, since they are prone to gross distortions (60% (6 of 10 

records) compared to < 0.5% (1 of 242) for cases where subjects reported mild 

sensation or no sensation of probe contact). The second, more im portant but less 

robust implication, is a failure to find an increase in OMT in response to a noxious 

stimulus expected to increase arousal. Noxious stimuli are known to increase arousal 

and are reflected in an increase in firing in the locus coeruleus, part of the arousal 

network, and result in increased sympathetic activity (Samuels and Szabadi, 2008).

Tlie response of OMT frequency to a noxious stimulus is as yet unknown. It might be 

expected that an arousing noxious stimulus such as discomfort during OMT recording 

would be associated with an increase in OMT frequency during that recording. 

However, such analysis is confounded by the gross distortion in these OMT 

recordings, likely related to excessive blink reflex, abnormal movements in the 

amplitude range of microsaccades but of different waveform and excessive subject 

head movement which the OMT filter is not optimized to remove, and which 

introduce excessive low frequency components into the records.

Effects of Acute Caffeine Consumption on Microsaccades

The num ber of microsaccades per recording was not significantly affected by caffeine 

based on the overall MANOVA. However, subanalysis of the 30 and 90 minute post

treatment tests revealed slightly fewer microsaccades per trace post-caffeine (1.9 fewer 

microsaccades compared to placebo based on estimated marginal means, SEM 0.9). 

This small difference, although statistically significant, should be interpreted with

caution. If the difference is real it suggests increased arousal due to caffeine could
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have an inhibitory influence on microsaccades. Other microsaccade characteristics 

such as peak veolocity and gain were not measured by our system, and the effect of 

acute caffeine consumption on these microsaccade characteristics are unknown.

Microsaccades are removed from OMT traces prior to analysis, and each microsaccade 

therefore introduces some undefined am ount of distortion to the OMT signal, and 

records with more frequent microsaccades tend to have slightly lower frequency 

compared to records with fewer microsaccades. Since microsaccades were slightly less 

frequent following caffeine consumption, this could confound the analysis of OMT 

param eter changes. Microsaccades were investigated as a covariate in the MANOVA 

analysis of the effect of caffeine on OMT parameters -  the microsaccade term was not 

significant for any parameter, suggesting the small difference in num ber of 

microsaccades between post-caffeine and post-placebo tests did not bias the analysis.

Significantly more microsaccades (22 more microsaccades in average) occurred during 

the small num ber of recordings where subjects felt discomfort. On gross inspection 

these microsaccades had an abnormal appearance however, and likely represent other 

forms of eye movement such as saccadic intrusions, square wave jerks or possibly eye 

movement due to excessive eyelid blink reflex stimulation. Although this study 

suggests a possible reduction in microsaccades following caffeine firm conclusions 

cannot be drawn. The effects of arousing noxious stimuli on microsaccades are unclear 

and require further investigation. These analyses should also be interpreted with 

caution given the non-standard method of microsaccade identification (this was not a 

main outcome m easure in this study), and given the small num ber of subjects who 

experienced discomfort.

Approach to Statistical Analysis -  Balancing Type I and II errors

In regard to the statistical m ethods used in this study, as outlined in the methods 

section above, a relatively conservative approach to multiple hypothesis testing was 

used (Bonferroni correction). This approach may be seen retrospectively to be valid, in 

that a significant difference was indeed found for a num ber of variables under test. If 

no significant result was found, the question of conservative methods, such as 

Bonferroni correction, potentially diluting the strength of the research findings would 

be a concern.
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Limitations

This study had several strengths, such as the decaffeinated coffee control treatment, 

double-blind conditions and within-subject design. In particular the within-subjects 

crossover design provides higher statistical power to detect a true effect of caffeine by 

removing the substantial inter-individual differences from the error variance. The 

study also had some limitations. Although the sample size was relatively large for a 

repeated measures placebo-controlled crossover study, the sample size is not large 

enough for in-depth analysis of gender, age or individual differences. The crossover 

design has the potential disadvantage of a carry-over effect between treatment 

sessions, potentially confounding results, however the analysis did not support any 

carryover effect. A lthough subjects had a range of habitual caffeine consumption, only 

one subject was a 'heavy' habitual consumer. Heavy habitual consumers could show 

different responses to acute caffeine consumption, compared to subjects in this study, 

due to a tolerance effect for example. None of the subjects were non-consumers of 

caffeine, but given the ubiquity of caffeine in foodstuffs such as soft drinks and 

confectionary, subjects who consume no caffeine on a weekly basis are rare in the 

general population.

Since caffeine was adm inistered in the form of coffee in this study, the independent 

effect of caffeine on ocular microtremor could not be isolated, and other com pounds 

in the coffee may confound results. However, the placebo substance was a 

decaffeinated coffee which was closely matched to the caffeinated version, to try to 

limit differences in other compounds, and to limit any subject bias related to the 

effects of caffeine consumption. The 'placebo' was effective in that most subjects were 

not able to correctly identify whether the substance consumed was caffeinated or 

decaffeinated, therefore a potential subject bias is unlikely to contribute to the small 

increase in OMT frequency parameters seen. Roasted coffee (both caffeinated and 

decaffeinated) contains substances which have effects on brain function which are 

poorly understood, such as com pounds with mild estrogenic activity, and quinides 

which interact with adenosine transport and may even act contrary to caffeine effects 

(De Paulis and Martin, 2004).

TTie effects of caffeine on cognitive performance and arousal are generally more 

pronounced in subjects w ith lower baseline arousal (such as sleep-deprived and 

fatigued subjects) and in older subjects (above 60 years) compared to young subjects
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(between 18 and 37 years), possibly due to the reduced baseline arousal associated 

with ageing (Schmitt and Van Boxtel, 2004). The subjects studied in this study were 

young (mean age 33 years, range 24 -  54 years) and although baseline arousal was not 

specifically assessed, subjects were not sleep-deprived. The effects of caffeine could 

confound clinical studies of OMT in older subjects or subjects with reduced baseline 

arousal.

Caffeine may have a small effect on intraocular pressure (lOP): acute caffeine 

consumption reportedly causes a transient increase in lOP of 2mmHg for two hours 

following consumption (Kang et al., 2008, Higginbotham et al., 1989), but although the 

effect of caffeine was statistically significant in these crossover studies the clinical 

significance of this small difference is debated (Higginbotham et al., 1989). Although 

caffeine effects on intraocular pressure are a potential confounder of caffeine effects on 

OMT, since the effect of lOP on OMT is unknown, such a small difference is likely to 

be of limited effect if any.
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8.6 Conclusions

In conclusion, this study, the first investigation of the effect of caffeine on OMT 

parameters, demonstrates that acute caffeine consumption is associated with a small 

but significant increase in OMT peak frequency param eters in healthy subjects who 

range from light to moderately heavy caffeine consumers. Since caffeine's main effect 

at the moderate dose used in this study is increased arousal, this study provides 

further support for a link between OMT and arousal.

The effect size associated with acute caffeine consumption was relatively sm all- 

smaller in magnitude than normal inter-subject variability, but was detected here due 

to the placebo-controlled crossover study design. As such caffeine should be 

considered as a confounding effect in studies of OMT in clinical inpatient and 

outpatient populations, who are commonly exposed to caffeine acutely given its 

ubiquity in the diet. Any study investigating small differences in OMT parameters 

should either require subjects abstain from caffeine for at least two hours prior to 

OMT testing, or control for acute caffeine intake in the analysis. However, acute 

caffeine consumption is unlikely to account for large differences in OMT parameters 

compared to a normal population.

The study does not support a definite hypothesis regarding the mechanism by which 

caffeine increases OMT frequency. However, three possibilities are unlikely based on 

the observed results: haemodynamic effects, changes in the num ber of microsaccades 

per trace, and withdrawal effects do not account for the clianges in OMT frequency. 

Future studies are needed to determine whether the small increase in OMT frequency 

parameters could be attributed to effects of OMT on extraocular muscle tone or 

alteration in physiological tremor, or the reticular activating system and or neural 

firing in the striatal GABA-ergic arousal system.
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Chapter 9

OMT in acute stroke

9.1 Introduction

Stroke is the third biggest killer in Ireland and causes more deaths than breast, 

prostate and bowel cancer combined; 1 in 5 Irish people will suffer a stroke at some 

time in their lives (IHF, 2008).

Clinical outcome following acute stroke is highly variable, despite similarities in 

presenting symptoms and lesion characteristics (Tecchio et al., 2007). Previously 

described prognostic indicators in stroke include imaging variables; such as lesion 

location and volume on MRI (Baird et al., 2001), and magnetoencephalography 

parameters (Tecchio et a l, 2007). Electrophysiologic variables have also been 

investigated, with promising findings in a num ber of studies: including 

somatosensory and m otor evoked potentials (Dachy et al., 2003, Escudero et al., 1998, 

Forss et al., 1999) and quantitative EEG (Cuspineda et al., 2003, Finnigan et al., 2004). 

The usefulness of EEG param eters has however been questioned in other studies 

(Tecchio et al., 2007).

Accurate assessment of location and degree of cerebral ischaemic damage, infarct 

evolution and clinical outcome is an im portant goal in therapy of acute stroke 

(Finnigan et al., 2004). In cases of basilar and cerebellar infarction, prognosis is often 

dependent on the degree of concomitant damage to the thalamus and brainstem 

(Kiiker et al., 2002). Clinical signs are not always helpful in the delineation of lesions 

of the brainstem (Hopf, 1994). Differentiation between acute supratentorial and
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infratentorial (brainstem) stroke subtypes is not always possible on clinical grounds 

(Kiiker et a l, 2002). A num ber of diagnostic techniques are currently used as an 

adjunct to clinical diagnosis, including Magnetic Resonance Imaging (MRI) and 

electrophysiologic tests.

MRI has proven diagnostic potential in supratentorial stroke, particularly diffusion- 

weighted imaging, as evidenced in a num ber of published clinical trials (Lovblad et 

al., 1998, van Everdingen et al., 1998, Warach et al., 1995). A recent prospective 

comparison of MRI to CT in suspected acute stroke found MRI had a much greater 

sensitivity compared to CT for acute ischaemic stroke (46% vs 10%) (Chalela et al., 

2007). In patients scanned within 3 hours of stroke onset, MRI perform ed significantly 

better than CT in terms of sensitivity (46% vs 7%).

Infratentorial stroke, however, remains a challenging diagnostic area. The brainstem is 

more difficult to assess with imaging techniques, because brainstem  infarctions tend 

to be small in size and because the brainstem is surrounded by the bones of the 

skullbase, wliich induce susceptibility artefact in radiological images. Small brainstem 

lesions are often not visualized by 'routine' MRI (T1 and T2 weighted imaging using 

thick slices (4-7mm)) (Thomke et al., 2002). In a prospective study by Chalela, the main 

factor accounting for false negative reports of MRI scans by blinded observers was 

brainstem stroke location (adjusted odds ratio 7.3). Previous studies have also shown 

higher false negative rates for posterior circulation infarcts on MRI (Oppenheim et al., 

2000). Although newer imaging modalities (diffusion weighted, perfusion and FLAIR 

sequences) and thinner sUce imaging have improved the sensitivity of MRI, sensitivity 

to brainstem lesions is still far from 100% (Thomke et a l, 2002).

While imaging studies such as MRI may be used to investigate the morphology of the

brainstem, brainstem reflexes assess function and as such may be considered

complementary to imaging. The topodiagnostic value of electrophysiological

techniques including the masseter reflex (MassR), masseter inhibitory reflex (MIR),

pterygoid reflex (PterR) and the blink reflex (BR) has been investigated. Patterns of

abnormalities of these reflexes indicate lesions of different structures mediating the

reflexes, such as afferent, efferent or central reflex loop structures (Hopf, 1994).

Testing of multiple reflexes often yields complementary information on lesion

location. Combined data from clinical examination and brainstem  reflexes can help
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accurate localization of brainstem lesions and elucidate complex clinical conditions 

associated with m ultiple brainstem lesions (Tettenbom, 1993).

Ocular m icrotremor is of neurogenic origin and is related to tonic activity in brainstem 

neurons (Spauschus et al., 1999, Bolger et al., 1999c, Coakley and Thomas, 1979, 

Abakumova et al., 1975b). The potential of OMT as a diagnostic aid in a num ber of 

central neurological pathologies, including coma following head injury, has been 

demonstrated (Bolger et al., 1999d, Bolger et al., 2000, Coakley, 1983a, Coakley and 

Thomas, 1977b). Although it is known that lesions of the brainstem in particular are 

associated with abnormalities in OMT, the effect of lesions of other areas of the brain 

on OMT is unknown. Given the extensive connections of the oculomotor system 

within the brain, OMT is potentially modulated by inputs from many areas of the 

brain. Correlation of lesions identified on MR imaging of the brain offers a vital 

opportunity to examine how lesions in a variety of areas, which are thought to be 

involved in OMT generation, affect OMT parameters. Tlie clinical utility of OMT as a 

neurophysiological correlate of brainstem function in stroke lesions has not been 

assessed, in terms of diagnostic or prognostic utility.

Why study ocular m icrotrem or in stroke?

1. Better prognostic indicators are needed to allow more accurate prediction of clinical 

outcome, to facilitate rational treatment planning (both drug and rehabilitative 

treatment) in stroke patients (Tecchio et al., 2007).

2. It has recently been hypothesized that stroke effects an 'uncoupling' of cerebral 

haemodynamics and neural activity (Rossini et al., 2004). Thus OMT, as an assessment 

of neural activity in the reticular formation, may be used to test for preservation of the 

'decoupled' neural activity, and as such may be useful in planning treatment of 

cerebrovascular disease.

3. The investigation of a novel prognostic indicator in acute stroke is timely given

increasing evidence that intervention with neuroprotective drugs and rehabilitative

treatment should occur as early as possible in the course of acute stroke (Tecchio et al.,
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2007). OMT as a proven indicator of brainstem  integrity, could identify subjects at risk 

of poor outcome, such that intensive rehabilitation could be appropriately planned.

The proposed project represents an original contribution to the understanding of 

OMT, an untapped diagnostic indicator in stroke. OMT is a relatively resource- 

efficient technique for bedside monitoring of acute conditions such as stroke. It is not 

proposed that OMT should replace MRI, or other measures, in this context, but may 

form part of a battery of monitoring tests to inform prognosis in acute stroke.

This study's m ain hypothesis was that OMT as a functional indicator of brainstem 

integrity, could aid the diagnosis of ischaemic dam age to the brainstem, and 

specifically that abnormal OMT peak frequency, indicating a degree of brainstem 

dysfunction, would predict functional recovery following acute stroke.

9.2 Aims

The study hypothesis was investigated via the following research questions:

1. Is OMT abnormal in stroke?

2. Can OMT aid the diagnosis of brainstem stroke?

3. Do OMT frequency param eters correlate with severity of stroke assessed 

using clinical scales (the National Institute for Health Stroke Scale, NIHSS)

4. Is OMT frequency a potential prognostic indicator of functional recovery and 

level of disability (assessed using the modified Rankin Score (mRS) and 

Barthel Index (BI))?
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9.3 Methods

This study was designed according to recommendations by Counsell et al (Counsell 

and Dennis, 2001) regarding prognostic studies in acute stroke. A prospective, 

observational study was perform ed on consecutive patients assessed by the Stroke 

referral service in St James's Hospital, a large urban tertiary referral hospital without 

neurosurgical service. The study took place between September 2007 and May 2008.

Patient Selection

Inclusion criteria were: acute stroke, diagnosed by stroke physician based on clinical 

and neuroradiological findings, with neurological deficits lasting more than 24 hours. 

Patients with supratentorial and infratentorial ischaemic stroke were included. The 

diagnosis was based on clinical presentation, with assessment by a stroke physician 

and brain imaging (CT scan or MRI). Exclusion criteria were: previous symptomatic 

brainstem infarction, pre-existing peripheral nerve lesion of cranial nerves III, IV or 

VI, diseases associated with ocular dysmotiUty including Parkinson's disease and 

multiple sclerosis, agitation or other conditions mitigating compliance; current use of 

confounding medications (sedatives, anti-epileptics, phenothiazines, barbiturates and 

benzodiazepines).

Best clinical practice was followed in terms of managem ent of all patients (cardiac and 

respiratory care, fluid and metabolic maintenance, blood pressure, glucose and body 

tem perature control) according to ad hoc guidelines (Adams et al., 2003). 

Anticoagulant or antiplatelet therapy was adm inistered where indicated.

Data collection

Data was collected on patient demographics; conventional risk factors (hypertension, 

diabetes mellitus, dyslipidaemia, smoking and other past medical history); stroke 

characteristics and clinical evaluation (time of symptom onset, nature of stroke 

(ischaemic or haemorrhagic); vascular territory affected (neuroanatomical 

classification) and NIHSS score within 72 hours of admission to hospital and data 

from imaging studies performed (MRI or CT, sequences performed, and lesions 

(subcortical, cortical or cortico-subcortical), mass effect and brainstem compression).
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Ocular M icrotrem or M easurem ents

OMT was recorded following the protocol described in detail in Chapter 5 section 6. 

OMT recordings were obtained from all patients, following informed consent, within 

1 week of admission to hospital with acute stroke (or within 2 weeks in special 

circumstances). Recordings were perform ed at the patients' hospital bedside. 

Recordings were perform ed with the patient instructed to direct their gaze straight 

ahead in the primary position. Each OMT trace (one from the right and left eye for 

each subject per trial) was analysed and OMT frequency and burst/baseline 

param eters were estimated as described in Chapter 4 section 3 (Al-Kalbani, 2009). 

Traces were examined initially for evidence of 50Hz interference or other artefacts 

causing distortion of the signal. Subjects were asked to report whether or not they 

could subjectively feel either probe touching their eye during the test.

A ssessm ent of stroke outcome and functional recovery

Stroke outcome was assessed at 3 months in a stroke follow-up clinic in St James's 

Hospital. Outcomes included mortality, treatment with tPA, NIHSS score (by trained 

personnel), NIHSS "effective recovery score". Modified Rankin scale and the Barthel 

Activities of Daily Living Index (BI), evaluated and scored by an occupational 

therapist. All outcome measures were assessed by experimenters who were blinded to 

OMT measurements.

The m odified Rankin Scale (Figure 9.1) (MRS, also known as the Oxford Handicap

Scale) quantifies the functional impairm ent on a scale of 0 (no symptoms) to 5 (severe

handicap and totally dependent). MRS is commonly used as a sum m ary measure of

outcome (Kasner, 2006). The BI (Figure 9.2), assesses 10 aspects of activities of daily

living, resulting in a total score ranging from 0 to 20 (information acquired from a

carer not the patient wherever possible), and is useful in planning rehabilitation

strategies (Kasner, 2006).The NIHSS (Fischer et al., 2005) is a measure of stroke

severity, commonly used in trials of stroke interventions, useful for early

prognostication (Kasner, 2006), with total score ranging from 0 to 42. A score of 1 -  4

indicates m inor stroke, 5 - 1 5  moderate stroke, 15 -  20 moderate to severe and 21 -  42

severe stroke. However in clinical practice, a score above 15 is considered severe

stroke. The NIHSS is base on examination of neurological impairment including; level

of consciousness, vision and gaze, facial palsy, extremity weakness, limb ataxia,
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sensory loss, language and dysarthria and neglect. A score of greater than 16 is 

predictive of likely adverse outcome, including death or severe disability, and a score 

of less than 6 is associated with good recovery (Duncan et al., 2005).

SCORE I DESCRIPTION

0 No symptoms at all

1 No significant disability despite symptoms; 
able to carry out all usual duties and activities

2 Slight disability;
unable to carry out all previous activities, but able to look after 

own affairs without assistance

3 Moderate disability;
requiring some help, but able to walk without assistance

4 Moderately severe disability;
unable to  walk without assistance and unable to attend to  own 

bodily needs without assistance

5 Severe disability;
bedridden, incontinent and requiring constant nursing care and 

attention

6 Dead

Figure 9.1 Modified Rankin Scale scoring system

Bowels 0 = incontinent (or need to  be given an enema) Transfer 0 = unable-no s itting  balance

1 -  occasional accident (once per weak) 1 = m a jo r help (one o r tw o  people, physical) can sit

2  = continent 2 = m ino r help (verbal o r  physical)

Bladder 0 = inco n tin en t/ca th e te rize d , unable to  M x 3 = independent

1 = occasional accident (max once every 4 ‘*’ ) M o rb ility  0 = im m obile

2 = continent (for over 7 days) 1 = w heelchair independent (includes corners)

Groom ing 0= needs some help w ith  personal care 2 walks w ith  help o f one (verble /physical)

1 = independent face /  hair /  tee th  /  shaving 3 = independent (may use any a id, eg strick)

Toile t use 0 = dependent Dressing 0 ■= dependent

1 = need some help b u t can do som ething alone 1 needs help, ckjes about 'A  unaided

2 = independent (on & o ff, dressing, w iping) 2 = independent, include buttons, zips, shoes

Stairs 0 = unable

Figure 9.2 Barthel Index scoring system
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9.4 Results

Tw enty-five  subjects were eligible for inclusion during  the study period. O f these, one 

refused consent for participation, O M T could not b>e adequately performed in three 

subjects and one subject was excluded at fo llow -up. Twenty participants underwent 

the study protocol and were included in  the fina l analysis (see Figure 9.3 recruitment 

flo w  chart).

Consented  
n = 24

Suitable 
patients 
n = 25

0 ^^ 
recorded  

n = 20

Excluded at 
Follow-up

Refused
Consent

Difficulty 
Recording 

OMT 
n = 3

Figure 9.3 Recruitment flow  chart fo r participants in the study.

Demographics

O f the 20 included patients (median age 68 years, range 44 -  86 years, 12 female), 17 

had ischaemic stroke and three haemorrhagic. M edian time to O M T testing was 80 

hours (range 20 -  184 hours). Median baseline NIHSS score was 3.5 (range 1 -1 1 ). Six 

subjects were classified as 'm inor stroke', four as 'moderate' stroke, and one as severe. 

Tw enty healtliy volunteers were recruited for case control comparison (median age 40 

years (range 30 -  83 years), 9 female).
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Case -  control comparison

The mean frequency of OMT in the control subjects was 89.3 Hz (SD 5.08 Hz, SEM 

1.80 Hz, (95% Cl 85.6, 92.9 Hz)), and among patients with acute stroke was 73.2 Hz 

(SD 10.19 Hz, SEM 1.80 Hz (95% Cl 69.6, 76.9Hz)) (Figure 9.4). Tlie mean difference in 

OMT peak frequency between stroke patients and control subjects was 16.0 Hz 

(univariate ANOVA F (1,38) = 39.67, 95% Cl for difference 10.9, 21.2 Hz) which was 

statistically significant at p < 0.001.

Figure 9.4 Boxplot complaring OMT peak frequency (WPC (Hz)) in subjects with 

acute stroke (n = 20) and controls (n = 20).

Subject age as a confounding variable

OMT frequency is slightly lower in healthy elderly subjects compared to younger 

subjects (Bolger 2001). Therefore, a control group which is younger than the stroke 

group confounds the analysis, since any difference in OMT parameters could be due 

to aging rather than an effect of stroke per se. An attempt was made to avoid this 

confound during the design of the study by recruiting elderly subjects from active 

retirement groups. However, despite this attempt, recruitment of healthy elderly 

subjects who fit the inclusion criteria was low. Therefore, the control group was 

younger than the stroke group (see Figure 9.5 for graph of age distribution vs. OMT 

frequency). To attempt to correct for this confound, and to assess the effect of the age

o

so-

Controls Stroks Patients
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confound on the results, a univariate ANOVA was perform ed with OMT peak 

frequency as the dependent variable (Table 9.1) and repeated w ith subjects' age 

included in the analysis as a covariate (Table 9.2). After correcting for age the mean 

difference between groups was 10.97 Hz (95% Cl for difference 3.37,18.56 Hz, p = 

0.006), however the difference between control subject and patients with acute stroke 

remained significant. The F-statistic was slightly lower for the analysis with age 

included as a covariate (F (1,37) = 8.558, p = 0.006).

100-

90-

= 80 -

70 -

60-

50 -

□
□ a

" S '  -  -  a .  _

on -n

O  Control 
X  Case 

- Control 
' " -C ase

cP

R Sq Linear = 0.126 
R Sq Linear = 0.064

~ T ~
20

"1“
30

” T ”
40

— j _

50
~~r~

60
I

70 90

Age (years)

Figure 9.5 Scattergram of mean OMT frequency peak (mean frequency from OMT 

recordings in right and left eyes m easured on one occasion in each subject) vs. subject 

age, dem onstrating bias towards younger age among control subjects.
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Source Type III Sum of Squares df Mean Square F Sig.

Corrected Model 2571.854" 1 2571.854 39.666 <0.001

Intercept 264085.250 1 264085.250 4073.011 <0.001

Group 2571.854 1 2571.854 39.666 <0.001

Error 2463.838 38 64.838

Total 269120.942 40

Corrected Total 5035.692 39

Table 9.1 F-statistics for univariate ANOVA on OMT peak frequency with group 

(cases V3 controls) as a fixed factor.

Source Type III Sum of Squares df Mean Square F Sig.

Corrected Model 2770.462" 2 1385.231 22.626 <0.001

intercept 16466.875 1 16466.875 268.968 <0.001

Age 198.608 1 198.608 3.244 0.080

Stroke 523.969 1 523.969 8.558 0.006

Error 2265.230 37 61.222

Total 269120.942 40

Corrected Total 5035.692 39

Table 9 2 F-statistics for univariate ANOVA on OMT peak frequency with with group 

(cases vs controls) as a fixed factor and including subject age as a covariate in the 

ANOVA model.
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Ideally a population study including a large number of subjects, including subjects of 

all ages to be tested for OMT studies would be conducted, which could establish age- 

based normative graphs for OMT parameters. A preliminary version of such a graph 

for OMT peak frequency has been produced by Bolger (2001), using a piezoelectric 

strain-gauge technique, with a limited number of subjects ranging in age from 21 to 88 

years (Figure 9.6). However, in order to use such a graph in analysis of OMT in this 

study, Bolger's study would need to be replicated using the current device, and with a 

larger number of subjects. In the absence of such a study, a rational approach is to use 

age as a covariate in the analysis.
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Figure 9.6 OMT frequency versus age in 72 healthy subjects ranging in age from 21 to 

88 years (reproduced from Bolger (2001), also shown in Chapter 2).
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Stroke with and w ithout Brainstem involvement

Although subjects with brainstem involvement (determined clinically and/or 

radiologically) had a slightly lower OMT mean frequency compared to those with 

stroke without brainstem involvement (71Hz vs. 75Hz (see Table 9.3)) this difference 

did not reach significance (paired t-test p = 0.29, Figure 9.7).

M ean  OMT frequency St. Dev. SEM

Study Group n (WPC (Hz)) (Hz) (Hz)

Controls 20 89.3 4.7 1.80

Stroke w ithout brainstem involvement 10 75.2 8.1 2.55

Brainstem Stroke 10 70.8 9.7 3.07

Table 9.3 OMT peak frequency in subjects with acute stroke, comparing those with 

and without brainstem involvement.

p < 0  001
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Figure 9.7 Comparison between OMT peak frequency (WPC (Hz)) in controls (n = 20) 

and in subjects with acute stroke with and without brainstem involvement. The 

difference was significant for the overall case control comparison (p < 0.001), but not 

between the two stroke groups (p = 0.29).
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OMT and Severity of Acute Stroke

There w^ere significant correlations between OMT peak frequency (WPC (Hz)) and 

both the Barthel Index and the Modified Rankin Scale from the 3 month post-stroke 

assessment (scored by one occupational therapist in the stroke unit who was blinded 

to the OMT measurements). The correlation was positive for BI (Spearman's rho 0.651, 

p = 0.05), and negative for MRS (Spearman's rho -0.813, p = 0.008) (Figure 9.8). When 

the subject with the severe stroke was removed from the analysis (outlier in Figure 

9.8), the correlation remained significant for MRS (2-tailed p = 0.041) but not for BI (p = 

0.227). The NIHSS score at 3 months post-stroke was not significantly correlated with 

OMT peak frequency (Spearman's rho; - 0.371, p = 0.262).
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Figure 9.8 Relationship between OMT peak frequency (WPC (Hz)) in subjects with 

acute stroke and the Modified Rankin score (where a low score indicates low levels of 

disability) and the Barthel Index (where a high score indicates full independence of 

functional activities). Correlation (MRS: Spearman's rho: - 0.813, p = 0.008; BIL 

Spearman's rho: 0.651, p = 0.05).
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Serial OMT recordings in the subject w ith  severe stroke and following 

adm inistration of the stim ulant m odafinil: Case report

Serial OMT recordings were made in one subject following acute stroke: a 73 year old 

wom an with a history of atrial fibrillation, suspected Parkinson's disease and 

Meniere's disease was adm itted following collapse. On admission she was found to 

have a reduced level of consciousness with a Glasgow Coma Score (GCS) of 5 (El, VI, 

M3). Her eyes were conjugately deviated to the left and pupils were mid-sized and 

fixed. MR scan was contraindicated due to the presence of a pacemaker. A CT 

performed at day 2 (Figure 9.9) showed bilateral thalamic and m idbrain infarction in 

the likely distribution of the param edian thalamic arteries possibly consequent to a 

distal basilar artery occlusion.

Over the subsequent fortnight the patient's GCS fluctuated between 5 and 14 although 

she spent most of her time semi consciousness or sleeping. Although she was able to 

move all four limbs, she dem onstrated bilateral pyramidal weakness affecting her 

right side more than her left. Cognitive assessment was difficult because of her 

lowered level of consciousness. She was noted as having a non-pupil sparing 

oculomotor palsy in the left eye with palpebral ptosis, lateral deviation of the eyeball, 

and a dilated non-reactive pupil m easuring 6mm. Testing of ocular motor movements 

revealed restriction of left eye movements on medial gaze and restriction of vertical 

eye movements bilaterally.

In light of difficulties in imaging her brain stem and assessing cognitive function and 

following discussion of investigative and treatm ent options with both the patient and 

her next of kin, a recording of ocular m icrotremor was performed using a device 

developed locally for the purpose. M easurement of OMT was performed at 2 and 3 

weeks post stroke and dem onstrated a persistent reduction in frequency of 

microtremor, suggesting a reduction in brain-stem activity (serial recordings shown in 

Figure 9.10). Frequency was lower in her affected left eye compared with the right. 

Com puter assisted, spectral analysis of the ocular microtremor recordings showed a 

m arked poverty of rhythm, and reductions in absolute power for all frequency bands 

compared to published an local norm al values.
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Over the next weeks the level o f the alertness o f Patient A  remained suppressed, the 

patient being typ ica lly  drowsy or unresponsive w ith  periods o f alertness lasting only 

a few minutes. O M T frequency was found to correspond to the subjective assessment 

o f patient alertness noted at the time o f recordings. Because o f the effect of the 

patient's persistent reduced consciousness on her functional level, the stroke clinician 

in  charge o f her case commenced a tr ia l of the non-amphetaminergic stim ulant 

M odafin il lOOmg daily, administered via her nasogastric tube. W ith in  three days of 

starting the agent, the patient's level o f consciousness had im proved and she was 

increasingly alert and communicative, particu larly during  the m orning hours 

fo llow ing  adm inistration. The increased arousal was reflected in O M T recordings 

made im m ediately before, and tw o hours after, m odafin il adm inistration during the 

firs t week of therapy (Figure 9.11). The effect o f continued treatment w ith  m odafin il 

on alertness persisted over the fo llow ing  weeks, and O M T recordings tw o weeks later 

demonstrating persisting effect on O M T frequency.

Mean OM T frequencies obtained from  the subject when alert, drowsy, unresponsive 

and 2 hours post m odafanil doses are demonstrated in  Table 9.4, fo r comparison w ith  

estimates o f O M T parameters from  tw o healthy elderly age matched controls.

Patient A

Healthy age- 

matched 

controls

Alert
Un-

Drowsy
responsive

Post-

Modafinll

doses

OMT frequency 87.0 70.0 51.0 39.0 67.0

peak (Hz) (IQR 10.2) (IQR 5.0) (IQR 7.0) (IQR n/a) (IQR 13.0)

Table 9.4 Comparison o f peak OM T frequencies in healthy age-matched control 

subjects (n = 2), and in  (the non-palsied righ t eye of) patient 'A ' in varying states of 

alertness (OMT frequency values are medians and in terquartile  ranges (IQR)).
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Figure 9.9: CT Images showing bilateral medial thalamic infarctions and midbrain 

infarction in subject.

0  0 .5  i .u

T im e  i s )

Figure 9.10 Serial OMT recordings in Patient A over the initial post-stroke period 

corresponded to level of responsiveness of the patient. Patient A was variously noted 

to be (a) unresponsive, (b) in rousable stupor, (c) drowsy but responsive and (d) alert, 

during recordings. A normal OMT trace is presented for comparison (top line). The 

one-second traces presented for illustration purposes here are representative of the 15- 

second recording made in each case.
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Figure 9.11 Significant increase in OMT frequency after administration of modafinil 

(one-way ANOVA F = 138.5, p = 0.007). Each point is the mean (+/- 2SD) of two OMT 

recordings from the right eye of Patient A m ade on separate occasions two weeks 

apart.
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Both clinically and on CT scan it was felt that the patient had suffered infarction in the 

distribution of her param edian thalamic arteries bilaterally. Normally, the two 

paramedian thalamic arteries arise from the PI segment (first part) of each posterior 

cerebral artery. In patients w ith bilateral param edian thalamic infarction, both 

param edian arteries may arise from a common PI trunk, sometimes called the artery 

of Percheron, from one of the posterior cerebral arteries. Thus a single 

atherothrombotic or embolic lesion of the basilar artery or artery of Percheron may 

cause a bilateral thalamic infarct in the param edian distribution (Castaigne et al., 1981, 

Schmahmann, 2003).

Within the thalamus, posterior parts of the dorsomedian, intralam inar and the internal 

medullary lamina are thought to be an im portant connection between the reticular 

activating system and the cortex, m aintaining wakefulness. Accordingly, lesions of 

the param edian area, particularly bilateral lesions, cause a fluctuating, or occasionally 

persistent, reduction in consciousness ranging from disorientation or 

hypersomnolence, to deep coma, as well as im pairm ents in learning and memory 

(Bogousslavsky et al., 1988, Carrera et al., 2004) as seen in our patient's case. The 

clinical findings of fluctuating and decreased arousal are associated with infarction in 

either the tuberothalamic or param edian distributions, involving the reticular or 

intralaminar nuclei. The associated third nerve palsy is a consequence of infarction of 

the thalam opeduncular region. Other eye movement abnormalities commonly 

associated are paresis of vertical gaze, pseudo-sixth nerve palsy, bilateral intem uclear 

ophthalmoplegia and loss of vergence ability.

OMT is thought to be related to tone of the muscles responsible for horizontal eye 

movement, the lateral and medial recti. The activity of these muscles during fixation is 

controlled by a complex system of neural connections between inhibitory and 

excitatory burst and pause neurons in the brainstem. Neurotransm itters involved in 

this network of neurons include glycine, glutam ate and aspartate as well as 

acetylcholine, which acts on the extraocular muscle m otor endplates.

O ur findings of a greater reduction in OMT frequency in the left eye in association 

with a left-sided complete third nerve palsy confirm previous findings previously 

demonstrated in subjects with oculomotor palsy (Bolger et al., 1999c). It is notable that
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the frequency in this palsied eye did vary with changes in arousal level, and the 

frequency was seen to increase following administration of modafinil.

M odafanil

Modafinil is a non amphetaminergic wake-promoting agent, widely used in the 

treatment of narcolepsy and other disorers associated with somnolence (Valentino and 

Foldvary-Schaefer, 2007). It has been used off licence in the past to treat fatigue 

associated with other neurological disorders (Valentino and Foldvary-Schaefer, 2007). 

Both the mechanism and site of action of modafinil are uncertain. Modafinil may have 

a greater effect on fatigue in subjects with brainstem rather than cortical strokes 

(Rivera, 2005). Rivera (Rivera, 2005) hypothesised that it may dem onstrate selective 

effects on the hypothalamocortical pathways which regulate normal wakefulness. The 

significant increase in ocular microtremor activity following the adm inistration of 

modafinil is therefore an interesting finding in this case as OMT is thought to reflect 

neuronal activity in the brainstem  rather than the hypothalamus. This finding could 

indicate another potential site of action of modafinil -  increasing activity in the 

brainstem reticular formation. Alternatively, the effect may result from m odafinil's 

m odulation of arousal in the hypothalamocortical pathways regulating wakefulness, 

which in turn have downstream  effects on the reticular formation.
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9.5 Discussion

This study's main hypothesis was that OMT as a functional indicator of brainstem 

integrity, could aid the diagnosis of ischaemic damage to the brainstem. Specifically it 

was expected that abnormal OMT peak frequency, indicating brainstem dysfunction, 

would predict functional recovery following acute stroke.

OMT peak frequency was found to be significantly reduced in subjects with acute 

stroke compared to controls. Overall, OMT frequency was 16Hz lower in subjects with 

stroke compared to healthy subjects. OMT frequency was slightly lower in subjects 

with brainstem involvement than those w ithout brainstem involvement, however this 

difference was small (in the region of 4-5 Hz) and did not reach significance.

In this small sample OMT peak frequency was found to be significantly correlated 

with the modified Rankin Scale, a sum m ary measure of stroke outcome which 

quantifies disability following stroke (Kasner, 2006). The negative correlation 

indicated that subjects with higher levels of disability tended to have lower OMT 

frequency. OMT peak frequency also correlated with the Barthel Index, a measure 

used to assess the degree of functional independence and plan stroke rehabilitation 

(Kasner, 2006). However, OMT frequency was not correlated with NIHSS scale.

In one case of severe thalamic stroke, OMT frequency was observed to fluctuate with 

clinical level of arousal, and increased significantly following the adm inistration of the 

non amphetaminergic wake-promoting agent modafinil. While the mechanism of 

action of modafinil is still uncertain, this finding lends further support to the 

association between OMT and arousal. This effect on OMT could indicate an effect of 

modafinil on the brainstem reticular formation. Alternatively, the effect m ay result 

from modafirdl's postulated modulation of arousal in the hypothalamocortical 

pathw ays regulating wakefulness.
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Limitations

This study was limited by the small num ber of participants and the lack of MRI 

imaging in the majority of cases, such that classification of brainstem involvement 

may not be fully accurate. Such misclassification is one possible reason for the small 

difference between cases with and w ithout brainstem  involvement. In addition, the 

majority of subjects had only mild stroke, limiting the assessment of correlations 

between stroke severity and OMT. The control subjects were younger in age than the 

patients w ith acute stroke, and although efforts were made to adjust for age in the 

analysis, this remains a potential confounding factor.

9.6 Conclusions

In conclusion, this preliminary study supports a potential role for OMT as a functional 

indicator of brainstem  integrity in acute stroke, however OMT was also found to be 

abnormal in stroke without brainstem involvement. OMT peak frequency did predict 

functional recovery following acute stroke in terms of disability following stroke and 

degree of independence in functional activities of daily living.

Future studies should incorporate MRI imaging and include a larger sample size to 

further investigate the potential of OMT as an indicator of brainstem integrity in acute 

stroke.
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Chapter 10

OMT and extraocular muscle tension -  a study of abducens 

nerve palsy

10.1 Introduction

The study of abducens nerve paresis can provide useful insights into properties of 

extraocular muscles and eye movements. The abducens nerve (cranial nerve VI) 

supplies a single muscle, the lateral rectus, and this arrangement is ideal for 

investigation of relationships between m otoneuron firing, extraocular muscle 

dynamics and eye movement kinematics.

Tlie abducens nucleus contains a mixture of approxim ately 6500 m uldpolar neurons, 

of which about two thirds are large motoneurons which supply the ipsilateral lateral 

rectus, and one third are smaller intem eurons (Vijayashankar and Brody, 1977). The 

axons of the interneurons cross the midline and ascend via the m edial longitudinal 

fasciculus to the three subnuclei of the contralateral oculomotor nucleus to innervate 

the contralateral medial rectus. The lateral rectus on  one side and its contralateral 

medial rectus form a yoke pair that co-contract to direct binocular gaze to a position of 

horizontal deviation away from the primary position, while their antagonists (the 

ipsilateral medial rectus and contralateral lateral rectus) relax (See Figure 10.1).

The abducens nerve is composed of motoneuron axons travelling to the ipsilateral 

lateral rectus muscle. It has a relatively long intracranial course before emerging 

through the superior orbital fissure into the orbit and piercing the inner surface of the 

lateral rectus muscle belly. In the abducens nerve^ large m otoneurons singly innervate 

twitch muscle fibres (akin to skeletal muscle fibres) in a one-to-one ratio, while non

twitch muscle fibres (similar to smooth muscle fibres) are innervated by multiple
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smaller m otoneurons (Buttner-Ennever, 2005). The cell bodies of the large and small 

motoneurons are respectively located in the sixth nucleus itself, and around the 

periphery of the nucleus (Buttner-Ennever et al., 2003, Buttner-Ennever and Horn, 

2002). The twitch and non-twitch muscle fibres may perform  different eye movement 

functions: it is hypothesised that the twitch fibres are important mediators of the 

saccadic 'pu lse ' and the non-twitch for the position-holding 'step ' innervation of 

saccades (discussed further below). Thus depending on whether the sixth nucleus 

itself, or the periphery of the nucleus, is affected by a central lesion, different effects 

on eye position-holding and saccadic movements may be observed. For detailed 

current reviews of the anatomy and physiology of the oculomotor system see (Rucker, 

2010) and (Horn and Leigh, 2011).

The neural integrator for eye movements encodes two components which are 

transmitted to the globe and extraocular muscles (the 'oculom otor plant'). The two 

components are a 'pulse' or phasic signal required to move the eye against the 

viscosity of orbital tissues, and a 'step ' or tonic signal, to overcome the elasticity of 

orbital tissues, which, if unopposed, cause the eye to drift back to the primary position 

(Robinson, 1973, Robinson, 1987, Ramat et al., 2007). The 'pulse' of innervation to each 

eye signalling a saccade is encoded by different populations of burst neurons in the 

neural integrator (Wong et al., 2002). Based on studies in primates, burst neurons in 

the PPRF (paramedian pontine reticular formation) were thought for many years to 

signal conjugate saccadic velocity commands, according to Hering's law of common 

conjugate commands to yoked muscles. However, the majority of burst neurons 

actually signal monocular commands to the ipsilateral or contralateral eye only (Zhou 

and King, 1998).
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Figure 10.1 Anatomical representation of the nuclei involved in horizontal eye 

movements, their inter-connections and putative neurotransmitters. The abducens 

nucleus (CN VI) contains both m otoneurons innervating the ipsilateral lateral rectus 

(LR) and intem eurons that project to the medial rectus (MR) motoneurons in the 

contralateral third nerve nucleus (CN III) via the medial longitudinal fasciculus 

(MLF). The abducens nucleus also receives afferents from the horizontal semicircular 

canals (HSC) via the medial vestibular nucleus (MVN). The abducens nucleus receives 

saccadic inputs from the ipsilateral excitatory burst neurons (EBN) and contralateral 

inhibitory burst neurons (IBN). The nucleus prepositus hypoglossi (NPH) and MVN 

send eye position information (the output of the neural integrator) to the abducens 

nucleus. The MR m otoneuron in CN III also receive vergence inputs. The putative 

neurotransm itters shown include: Ach acetylcholine; asp: aspartate; glu; glutamate; 

gly: glycine. The right panel shows a sagittal section of the hum an brainstem with the 

locations of regions im portant for horizontal gaze, including the CN III and VI nuclei 

(III and VI), the MLF, the NPH, rootlets of the oculomotor and abducens nerves (NIII, 

NVI), reticular formation (RF), the param edian pontine reticular formation (PPRF) 

which contains the EBN and IBN, and the nucleus raphe interpositus (RIP) which 

contains the om nipause neurons (OPN). (Adapted from (Leigh and Zee, 2006) and 

(Horn and Leigh, 2011)).
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A bducens palsy

Abducens palsy is the most common form of paralytic strabismus. Abducens 'paresis' 

refers to incomplete loss of nerve function, 'paralysis' refers to total loss of nerve 

function and the non-specific term 'palsy' can be used to describe either paresis or 

paralysis. While the interested reader is directed to classic texts on the neurology of 

eye movement (Miller et al., 2004, Leigh and Zee, 2006) for a complete overviev/ of 

abducens palsy, some concepts of relevance to the study of OMT are discussed in 

more detail here.

The agonist/antagonist muscle relationship in abducens paresis/palsy

The relative contraction and relaxation of agonist-antagonist muscle pairs varies with 

eye position, and this balance may be altered in paresis of one of the muscle pairs. In 

complete sixth nerve paralysis, limited horizontal movement is produced by 

relaxation or contraction of the ipsilateral medial rectus (Kommerell et al., 1976). No 

movement is seen past the midline in the direction of action of the paralysed lateral 

rectus, graded "-4" in terms of clinical limitation of abduction. In incomplete abducens 

palsy (paresis) the paretic lateral rectus may contract to varying degrees, graded -0.5 

to -3 clinically.

Structural changes occur in both the paretic lateral rectus and the nonparetic 

antagonist medial rectus muscle. The medial rectus becomes shortened and undergoes 

contracture, with a decrease in the num ber of sarcomeres (Scott, 1994). Changes in the 

paretic agonist include lengthening with change in eye position, an increase in 

sarcomeres and denervation atrophy (Berard-Badier et al., 1978, Scott, 1994).

Eye m ovem ents in abducens paresis

Effects of abducens nerve paresis on different types of eye movements, including

saccade dynamics (Wong et al., 2006, MacAskill et al., 2002), the vestibulo-ocular

reflex (Wong et al., 2002) and fixational eye movement (Okhotsimskaia and Filin, 1977,

Filin and Okhotsimskaia, 1977) have been reported. Saccade amplitude and velocity

are reduced in the direction of paretic muscle action in abducens nerve palsy

(Kommerell et al., 1976, Snow et al., 1985, Wong et al., 2006, Viirre et al., 1988, Jason J.

S. Barton, 1994). Patients with abducens and oculomotor paresis exhibit fewer

microsaccades and increased am plitude and frequency of drift movements (Filin and
277



O khotsim skaia, 1977), although m ild cases show  fixational eye m ovem ents w hich are 

sim ilar to the norm al eye. Recovery of saccadic peak velocity depends on w hether the 

paresis is central o r peripheral (W ong et al., 2006): in peripheral nerve palsies, the 

partia lly  recovered nerve m ay behave like a 'h igh-pass filter' for signals determ ining 

eye m ovem ents (Fenrich and  G ordon, 2004). Thus the 'p u lse ' of high-frequency 

innervation, required  to m ove the eye to the new  desired  position  m ay be transm itted  

by the affected nerve, w hile the low er frequency 's tep ' of tonic innervation, required  

to hold  the eye in its new  position, m ay not be adequately  transm itted . This w ould  

explain the reported ly  norm al saccade velocity(W ong et al., 2006) (determ ined by the 

'p u lse ') bu t abnorm al tonic position (determ ined by the 's tep ' innervation) of the 

paretic  eye (i.e. persisting  esotropia) in stud ies of peripheral palsies.

O cu lar m icro trem or in  d iso rders o f ocu lar m o tility

A study  of OMT in five subjects w ith  un ila teral com plete oculom otor nerve palsy has 

been reported  (Bolger et al., 1999c). Of these patients, one had  a central palsy due  to a 

b rainstem  infarct and  four had  periphera l palsies d u e  to m icrovascular infarction, 

in ternal carotid  aneurysm , and skull base fracture. There w ere significant differences 

in OMT frequency and  pattern  OMT betw een the paretic eye and non-paretic eyes. 

M ean OMT frequency in the paretic eyes of the five subjects w as 59Hz and  ranged 

from  50 to 73Hz, low er than that for the non-paretic  eyes (m ean peak count 88.4Hz) 

H ow ever, OM T frequency in the non-paretic  eyes (peak count ranged  from  69 -  84Hz) 

w as in the low  range of frequencies repo rted  for healthy  subjects u sing  the same 

m easurem ent system  (range 70 -  103Hz) (Bolger et al., 1999b). The linear predictive 

p ow er spectra w ere also shifted tow ards low er frequencies, w ith  reduced  pow er in 

the spectral peak. In com plete oculom otor paralysis the eye is in a 'd o w n -an d -o u t' 

position  due to the unopposed  action of the lateral rectus and  superio r oblique 

m uscles (supplied  by the unaffected trochlear and  abducens nerves). Therefore the 

OM T frequency in  these subjects w as related  to activity in these tw o m uscles -  in this 

position  contraction of the superio r oblique abducts the eye.

This study  d id  not com pare findings to those in  norm al age-m atched controls, ra ther 

the non-paretic  eye w as used  for com parison. It is know n that in eye m uscle palsies, 

ocular m ovem ents in  the nonparetic  eye are also different from  those in  healthy 

controls(M acA skill et al., 2002), particu larly  in  the case of peripheral palsies w here
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central neural adap ta tions m ay occur. It is possible that OM T param eters in the 

nonparetic eye are also altered  due  to these central adap tation  processes.

The study  exam ined OMT in the p rim ary  position  of gaze in  these subjects ra ther than  

in the position  of action of the paretic m uscle. Since the relative contribution of 

agonist-antagonist pairs varies w ith  eye position, OMT m ay be m axim ally affected in 

the position of action of the paretic agonist (i.e. in abduction  for sixth nerve palsy). 

A bnorm al ocular kinem atics in abducens palsy are eye-position and m uscle-action 

dependen t (agonist or antagonist) for a given m ovem ent, and  does no t reflect a global 

m odulation  of innervations (M acAskill et al., 2002). Therefore it is desirable to 

m easure OMT in a variety  of positions of gaze (abduction and adduction) to 

determ ine the effects of the paretic m uscle acting as an agonist or antagonist.

OM T in  o p h th a lm o p e lg ia

OMT has also been stud ied  in one o ther d iso rder of ocular m otility, nam ely 

ophthalm oplegia (Bolger et al., 1999c, Coakley, 1983b). Coakley(Coakley, 1983b) 

reported  unila teral absence of OMT activity in  the affected eye of an 84-year old 

w om an w ith  com plete in ternal and external ophthalm opleg ia  due  to cavernous sinus 

throm bosis. Bolger(Bolger et al., 1999c) stud ied  a 57-year old m an w ith  unilateral 

com plete in ternal and external ophthalm opleg ia  due  to an aneurysm  of the 

in tracavernous part of the in ternal carotid. N o distinguishable trem or activity w as 

reportedly  seen in  the affected eye.

R ela tionsh ips b e tw een  M o to n eu ro n  Firing, M uscle T ension  an d  Eye Position

The extraocular m uscles (EOMs) m ove the eye against the physiological load of orbital 

tissues and  their antagonist EOMs. G iven it is a closed system , lacking variable 

external loads, EOM tension is related to the discharge rates of m otoneurons, to the 

extent that m otoneuron  firing rates have been described in term s of eye position and 

velocity (Robinson, 1963). H ow ever, w hile a sim ple linear relationship betw een firing 

and eye m ovem ent kinem atics or eye position is w ell supported  by experim ental data, 

the case for m uscle dynam ics, specifically muscle tension is different. M uscle tension is 

a p roduct of m otoneuron  firing w hich has been low -pass filtered by the orbital tissues 

(Miller and Robins, 1992).
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Extraocular m otoneurons were previously classified in terms of tonic and phasic 

properties, but they are currently classified as motoneurons driving singly or multiply 

innervated motor fibres as outlined above (Buttner-Ennever et al., 2002, Buttner- 

Ennever, 2005). Saccadic eye movement is generally considered in terms of a 'pulse- 

slide-step' model of ensemble motoneuron firing (Optican and Miles, 1985), where a 

'pulse ' (burst) of neuron firing occurs proportional to saccade velocity, followed by a 

'slide' (decay, a low-pass filtered version of the burst firing) in firing rate to reach a 

tonic 'step ' level (the integral of the burst firing) of firing to hold the eye in the new 

position of fixation (Figure 10.2).

The firing frequency of abducens and oculomotor neurons has been studied by 

num erous investigators (Robinson, 1981, Moschovakis et al., 1996). The 

transformation of m otoneuron firing to eye position via the extraocular muscle 

considered to be a linear function (Fuchs et al., 1988). The relationship between the 

two is known to be linear in various animal models including cats and primates, with 

reported ranges of 1-12 (typically about 4) discharges/degree/second (Fuchs et al.,

1988, Sylvestre and Cullen, 1999, Davis-Lopez de Carrizosa et al., 2011). Deviation of 

the eye can be described in terms of the directions of pull of agonist and antagonist 

extra-ocular muscles (Henn and Cohen, 1973). Deviation in the direction of action of 

the muscle (a saccade in the "on" direction) is preceded by an increase in firing 

frequency of neurons innervating it. Deviation in the opposite direction ("off" 

direction) follows a decrease in the firing frequency (neurons to antagonists have 

reduced firing frequency). Motoneurons have varying thresholds for firing 

recruitment during deviation in an 'O N ' direction, and once their individual 

recruitment threshold is reached neurons exhibit steady firing. Most neurons stop 

firing once a threshold of 15 degrees in the "off" direction is reached. Although medial 

rectus and abducens m otoneurons (supplying the medial and lateral rectus 

respectively) show similar discharge patterns, there are distinct differences between 

position and velocity sensitivity of m otoneurons in the medial and lateral recti, as well 

as differences in their muscle structure (Pastor et al., 1991). The mismatched 

sensitivities w ould lead to unbalanced action between the agonist pairs in lateral eye 

deviation, this tendency may be offset by differences in their m otor unit composition 

(Pastor et al., 1991), and orbital tissue load.
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The relationship between EOM tension and eye position has been investigated in 

monkeys (Goldberg et al., 1998), cats (Lennerstrand, 1974, Davis-Lopez de Carrizosa et 

al., 2011) and hum ans (Robinson, 1963). In eye deviation the mean active force 

generated by the medial rectus in hum ans is reportedly 26% greater than that for the 

lateral rectus (74.8g versus 51.9g) (Collins et al., 1981) (Figure 10.3 right panel). Orbital 

tissue load is 11% greater in the direction of action of the medial rectus (1.05g/degree 

versus 0.94g/degree) (Collins et al., 1981) (Figure 10.3 left panel). Studies of whole 

nerve stimulation of the abducens nerve report the frequency response in monkeys 

was 4.7Hz/degree of eye displacement and the mean force generated was 

0.32gm/degree of eye displacement. In humans, tetantic contraction forces generated 

in the EOM during eye movements are <95gm (Robinson et al., 1969, Collins et al., 

1981). A recent report suggests muscle force increases non-linearly (exponentially) 

with increasing deviation from the primary position (Figure 10.4). Eye position was 

reportedly linearly related to motoneuron firing, but tension was an exponential 

function of both eye position and m otoneuron firing (Figure 10.4 right side panel).

The relationship between neuron firing, tension and eye position is complicated by 

the phenom enon of hysteresis, whereby differences the muscle-force to stimulation 

relationship are observed where m otoneurons have different patterns of preceding 

neural stimulation (Goldberg et al., 1998).
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Figure 10.2 Schematic showing neural firing, tension (T) in the lateral rectus EOM and 

eye position (EP). M otoneuron (Mn) firing results from a combination of a pulse (P, 

phasic signal) from reticular neurons (medium lead burst neurons (MLBN)) and a step 

(S, tonic signal) from the neural integrator. Mn firing shows a post-saccadic slide, 

which is not reflected in EP, but a slide is evident in T. (From (Davis-Lopez de 

Carrizosa et al., 2011).
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Figure 10.3 Length-tension relationships between EOM tension for the medial (LMR) 

and lateral (LLR) recti from (Collins et al., 1981). The schema on the left indicates the 

general relationships between active and passive forces for the left eye. A and C: with 

the left eye in various positions of gaze, resistance to experimental passive temporal 

(A) and nasal (C) rotation (abduction and adduction) with a forceps, due to orbital 

tissue load is found to be linearly related to eye position. B and D: the active EOM 

force of the isolated LMR (B) and LLR (D) as a function of eye position . On the right is 

a plot of the actual active isometric forces measured from the medial and lateral recti 

in different eye positions, showing the exponential relationship with eye position and 

the relatively greater force generated by the medial rectus compared to the lateral 

rectus. (Figure adapted from (Collins et al., 1981)).
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Figure 10.4 Sim ultaneous recordings during  spontaneous eye m ovem ents in cats of 

left eye position (A), lateral rectus (LR) muscle tension (B), abducens m otoneuron 

action potentials from abducens m otoneurons (D), lateral rectus EMG, and. The red 

arrow s indicate period of eccentric fixation w here EP is stable, but a slide is evident in 

both instantaneous abducens firing rate and LR muscle tension. The panel on the right 

show s the linear relationship betw een FR and EP, and the exponential relationships 

betw een T and EP and T and FR (A dapted from (Davis-Lopez de Carrizosa et al., 

2011)).
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OMT and Eye Position

Qualitative evidence from early reports suggests that deviation of the eyes from the 

primary position (where the gaze is directed straight ahead) does have an effect on 

OMT, although the relationship between eye position and OMT frequency is not yet 

clear, and differences between abduction and adduction require further investigation. 

Deviation of the eyes from the primary position is associated with an increase in OMT 

mean frequency (Coakley and Thomas, 1976) and a flattening of the OMT spectrum 

(Eizenman et al., 1985, Bengi and Thomas, 1973, Bolger, 1994b). OMT frequency 

reportedly increases in both abduction and adduction of the eyes, by a mean of 34Hz 

(Coakley and Thomas, 1976).

One study has attempted to quantify changes in OMT with increasing abduction from 

the primary position; OMT frequency increased with abduction, but it was higher at 

15 and 30 degrees than at 45 degrees, but it is not clear whether this relationship was 

fit any particular function model (Bolger, 1994b). It was suggested that changes in 

OMT frequency with deviation could reflect alterations in neuronal discharges with 

eye position, and that increasing frequency with increasing deviation could be related 

to the threshold of firing for oculomotor neurons, which reportedly occurs at 15 

degrees in the "off" direction (Bolger, 1994b). This flattening of the spectrum may be 

because units recruited in agonists contracting to deviate the eye have a wider range 

of firing rates than those firing in the primary position -  thus causing dispersion of the 

spectral frequency peak to lower and higher frequencies (Figure 10.5) (Eizenman et al., 

1985).
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Figure 10.5 Power spectra reproduced from Eizenman (Eizenman et al., 1985) for OMT 

in one subject in the prim ary position (left) and in abduction to 14 degrees (right).
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Eye Position, Muscle Tension and Rotational Torque

Torque is the rotation of an object about its axis by a force; torque magnitude is related 

to the applied force, length of the lever arm and the angle between the lever arm  and 

the vector of the force. For eye movements up to a given angular rotation the full force 

generated by the lateral rectus contributes to the ocular rotation torque (Figure 10.6B). 

But beyond a certain angle (6<0 max, 30 degrees in the typical eye (Haslwanter et al., 

2004)), the extra force does not contribute to torque and pulls the eye in a radial 

direction (Figure 10.6C), and therefore will not produce any further increase in torque. 

Tliis phenom enon is another potential explanation for Bolger's finding (1994) of the 

increase in OMT frequency up to 30 degrees with a reduction at 45 degrees). While 

Bolger postulated that changes in OMT frequency with deviation could reflect the 

threshold of firing for oculomotor neurons, which reportedly occurs at 15 degrees in 

the "off" direction (Bolger, 1994b), an alternative neuromechanical basis for this 

finding a relative reduction in torque produced by the lateral rectus beyond 30 

degrees of rotation.
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Figure 10.6 Contribution of EOM force to torque (rotation of the eye about its axis due 

to the force) in the prim ary position (A) in an eye of radius r and length of the EOM 

along the globe of 1, at angles of rotation up to 6<0 max, the full EOM force contributes 

to torque (B), whereas at 6>0 max (C) the radially directed vector of the force is lost, 

resulting in a net reduction in torque. (From (Haslwanter et al., 2004))
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10.2 Aims

This study's main hypothesis is that OMT frequency is related to EOM tension and 

firing frequency of ocular motoneurons. It follows from this main hypothesis that:

1. OMT frequency in the prim ary position of gaze will be reduced in abducens 

palsy, a condition associated with reduced neural firing and EOM tone.

2. OMT frequency will correlate negatively with increased severity of abducens 

palsy (indicated by greater limitation of abduction on clinical grading) and 

with greater eso-deviation in the prim ary position implying a relatively slack 

lateral rectus muscle with reduced neural firing and EOM tone.

3. OMT frequency will increase as a function of abducted eye position in healthy 

subjects.

4. The increase in OMT frequency in the direction of action of the lateral rectus 

(i.e. abduction) will be reduced or abolished in paretic eyes.

5. Given that higher relative tension is generated in the medial rectus in 

adduction relative to the lateral rectus in abduction, it is predicted that OMT 

frequency will be higher in adduction than abduction in individual subjects.

6. In abducens palsy where the lateral rectus is paretic, and the contralateral 

medial rectus shows clinical overaction, a relatively greater increase in OMT 

frequency in adduction compared to the increase observed for control subjects 

is expected.

The aims of the study are to investigate these hypotheses in subjects with abducens 

palsy and in control subjects. This study will also provide additional evidence that 

OMT is a real neurophysiological parameter, related to EOM tone and neural firing. 

Since EOM tone is a product of m otoneuron firing, OMT is a true neurophysiological 

signal rather than a noise artefact or cardioballisdc resonance phenom enon as 

contended in some reports (Carpenter, 1988, M arsden et al., 1969).

The ratio of low to high frequency in the OMT record (BSPR) will be examined as a 

secondary outcome m easure to investigate for associations between the OMT power 

spectrum, neural firing and muscle tension.
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10.3 Methods

10.3.1 Subjects

Patients with Abducens Nerve Palsy

12 patients (median age 56 years, range 28 -  71 years, 8 male) with unilateral abducens 

nerve paresis (five affecting the right eye and seven the left) were recruited from the 

orthoptics departm ent in the Royal Victoria Eye and Ear Hospital, between April 2007 

and May 2008. Patients were excluded if taking potentially confounding medications 

(anti-epileptics and phenothiazines which can affect ocular motility), or if they had a 

history of co-morbidities known to affect OMT (Parkinson's disease, multiple 

sclerosis, and impaired consciousness). Complete ophthalmic and neurologic history 

and examination were performed in the outpatient departm ent of the Royal Victoria 

Eye and Ear Hospital, by an ophthalmologist and an orthoptist. Demographic data 

was collected on ophthalmic and medical history, including duration of diplopia at 

first assessment. Examination included assessment of degree of strabismus using 

prisms and cover test and docum entation of Hess chart, which was performed by one 

of three orthoptists. Only patients with clinically evident limitation of abduction were 

included. An orthoptist graded the severity of restriction of lateral gaze in the affected 

eye (ordinal scale 0 for no restriction to -4 for maximal restriction). Where appropriate, 

tests were performed to rule oul thyroid ophthalm opathy, myasthenia gravis and 

orbital diseases. Patients did not routinely undergo radiological imaging, although in 

four cases MRI or CT imaging was performed. Patients were followed up by chart 

review 18months after recruitment had ended.

Control Subjects

Twelve healthy control subjects (six male; m edian age 47 years; age range 28 to 65 

years) were recruited for comparison. Controls had norm al ocular movements, were 

orthophoric in the primary position (no deviation of the eyes), had no ophthalmic or 

neurological disease, and were not taking any regular medications.
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Ethical approval was obtained prior to the study and informed consent was obtained 

from all participants.

O cular M icrotrem or M easurem ents

OMT was recorded following the protocol described in detail in Chapter 5 section 6. 

Recordings of patients' OMT were perform ed in a quiet clinic room in the Royal 

Victoria Eye and Ear Hospital. Recordings were performed with the patient instructed 

to direct their gaze straight ahead in the primary position. In four cases recordings 

were also made with the patient abducting the eye into the direction of greatest 

diplopia (i.e. in the direction of action of the palsied lateral rectus -  to the left in left

sided sixth nerve palsies, and to the right in right-sided lesions). In one patient (SC) 

the diplopia resolved after two weeks (full clinical recovery was confirmed by 

orthoptic assessment and Hess chart) and a second recording was m ade in both the 

primary position and in the position of previous maximal diplopia.

Recordings of control subjects' OMT were performed in a quiet dimly lit room in the 

research laboratory, following the same procedure. Each control subject completed 

two test sessions of OMT recording on two days at least a week apart. Of note it was 

planned to record from all control subjects in lateral gaze for comparison with study 

patients with abducens palsy, this was only perform ed in two subjects. The lateral 

gaze recording condition was problematic using the current OMT system (see 

discussion section for further detail). In subjects with limitation of abduction, this 

problem did not occur to the same extent since the lateral deviation of the eye is 

restricted, therefore leaving sufficient space for probe contact.

Each OMT trace (one from the right and left eye for each subject per trial) was 

analysed and OMT frequency and burst/baseline param eters (WPC, ARS peak, FBu, 

FBa, NBu, BSPR, PROBa, MDBu, MDBa) were estimated as described in Chapter 4 

section 3 (Al-Kalbani, 2009). Traces were examined initially for evidence of 50Hz 

interference or other artefacts causing distortion of the signal. Subjects were asked to 

report whether or not they could subjectively feel either probe touching their eye 

during the test.
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Data analyses

OMT param eters were analysed for the paretic and non-paretic eyes. Data from 

patients and controls were analysed via m ultivariate ANOVA on the fixed factor 

'PalsyGroup' (paretic eyes, non-paretic eye and and control eyes) and 'Subject'. 

Conservative tests were used for post-hoc multiple comparisons, which were robust to 

likely violations of assumptions given the unequal group sizes and use of a control 

group (equal num bers of replicates, equal error variances and normality of errors) 

(Armstrong et al., 2000). Where F-tests showed a significant factor effect, post-hoc 

comparisons proceeded using Scheffe's 'S' test, and to investigate subgroups where no 

overall factor effect was seen, D unnett's T3 test was used. Data were analysed using 

SPSS version 16 for W indows (SPSS, Inc).
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10.4 Results

12 cases and 12 controls completed OMT recording sessions. No subjects reported 

discomfort during OMT testing. Cases and controls were well matched in terms of age 

(F(2,68) p = 0.147).

One recording from a subject with abducens palsy was contaminated w ith 50Hz 

interference and was not included in the analysis of the burst parameters. One 

recording from a control subject (i.e. 1 of 48 prim ary position control records) was 

contaminated by gross distortion of the trace and was excluded from the analysis of 

all parameters. The analysis of cases vs. controls in the primary position included 12 

recordings from paretic and non-paretic eyes, and 48 recordings from control eyes.

The analysis of changes in OMT parameters in abduction vs. the primary position 

included 4 records from 4 subjects (4 paretic eye records) in abduction and 6 records 

from 2 control subjects (one record of abduction in each eye from one subject, and two 

records of abduction in each eye from a second subject). The analysis of abduction and 

adduction in controls included 26 records from 2 subjects in varying positions of gaze.

10.4.1 General Patient Characteristics

Patient characteristics are sum m arised in Table 10.1. Eleven of the twelve cases, 

presented with sudden onset diplopia. EB presented with chronic diplopia of 2 years 

duration. Ten of the twelve patients recruited had idiopathic sixth nerve palsies, 

presumed due to microvascular ischaemia. These patients all had at least one 

identifiable risk factor for ischaemia: hypertension. Diabetes mellitus, cigarette 

smoking or dyslipidaemia. One patient (KK) was thought to have a demyelinating 

process causing the sixth nerve palsy, which was recurrent, although MRI brain 

imaging was normal. In another case (GO) no risk factors for microvascular ischaemia 

were present, MRI imaging was normal and no cause was found. In total six patients 

underw ent brain imaging, none of which revealed any significant intracranial or 

cerebral pathology -  four had norm al MRI scans, and two had normal CT scans.
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All patients had clinically evident unilateral limitation of abduction. The degree of 

limitation was graded clinically, from -0.5 (minimal limitation) to -4 (almost complete 

restriction), by the testing orthoptist (see Table 10.1). The m edian abduction limitation 

was -2 (range -0.5 to -4). All subjects exhibited an incomitant esotropia which 

increased in the field of action of the affected muscle. The extent of subjects' esotropia 

is documented in Table 10.1, in terms of the prism dioptres required to fully correct 

the esotropia in the prim ary position in distance fixation. The mean esotropia in the 

prim ary position was 20 Dioptres (standard deviation 11 D, range 6 - 4 0  D).

Full clinical resolution of the sixth nerve palsy occurred in six patients. In another 

patient (KK) full recovery occurred but there was a recurrence of symptoms seven 

m onths later. In two patients almost complete recovery occurred with a mild residual 

limitation of abduction (-0.5). Among the nine cases who recovered function, the mean 

time to recovery was 14 weeks (SD 9 weeks, median 15 weeks, range 2 - 2 9  weeks). In 

two cases only minimal recovery of function was seen before they were lost to follow- 

up. In the patient with chronic palsy at presentation no im provem ent in her condition 

was evident at one year after OMT recording.

OMT testing was performed on eleven patients within two weeks of onset of 

symptoms of diplopia: the mean duration of symptomatic diplopia at the time of 

recording was 5 days (range 1 -1 4  days). In one patient with chronic abducens palsy 

OMT recording was performed at 800 days post-onset (6 months after first 

presentation).
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Paretic Duration Abduction Prism Binocular Resolution
Subject eye (days) deficit test (D) BCVA Imaging Cause (weeks) Follow-up

SC/38/m Left 1 -2 25 6/6 None Microvascular 2 Spontaneous resolution

VL/37/m Left 14 -3 8 6/6 Normal IVIRI Microvascular 4 Spontaneous resolution

JD/70/f Left 8 -1 25 6/6 Normal CT Microvascular 2
Minimal residual 
impairment (-0.5)

JK/71/m Left 5 -2 16 6/6 None Microvascular 29 Spontaneous resolution 

Spontaneous resolution;
KK/40/m Right 1 -1 8 6/6 Normal MR! Demyelination 15 recurred one year later and 

resolved spontaneously

BJ/53/m Left 3 -2 18 6/9
Normal CT (non
contrast)

Microvascular NA
Residual impairment, lost to 
follow-up

JM /69 /f Left 4 -3 40 6/9 None Microvascular 17 Spontaneous resolution

C/59/m Right 2 -2 18 6/6 Normal MRI Microvascular 10
Minimal residual 
impairment (-0.5)

GO/28/m Right 4 -4 25 6/5 Normal MRI Unl<nown NA
Residual impairment (-2), 
lost to  follow-up

JH/57/m Right 4 -3 20 6/6 None Microvascular 15 Spontaneous resolution

EF/55/f Left 4 -0.5 6 6/6 None Microvascular 24 Spontaneous resolution

EB/71/f Right 800 -1 6 6/6 Normal CT Microvascular NA
Chronic palsy. No 
improvement

Table 10.1 Characteristics o f subjects w ith  abducens nerve palsy enrolled in  study. Duration: duration o f d ip lop ia  symptoms at tim e o f O M T recording 

(days); Prism test; degree o f esotropia o f the affected eye in  p rim ary position at distance fixation, measured in  prism  dioptres (D).
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10.4.2 Q ualitative Analysis of OMT records in Abducens Palsy

Figure 10.7 shows representative recordings of the fixational eye movements in 

palsied and non-palsied eyes in Patient 1, a 38-year male who had a peripheral 

abducens palsy of the left eye with an abduction deficit of -2, an eso-deviation of 25 

prism  dioptres in the primary position and 35 prism dioptres in left lateral gaze. The 

first recording (Figure 10.7 upper trace) was m ade one day after onset of the palsy; the 

m ean OMT frequency was 79.8Hz in the palsied eye, and 88.1Hz in the non-palsied 

eye. A recording was also made with the patient looking into the direction of maximal 

diplopia (the direction of action of the paretic muscle) (Figure 10.8 lower trace), for 

this recording the OMT peak frequency increased to 102.5 in the adducting right eye, 

and 83.20 in the abducting paretic eye. Examination of the derived spectra for the two 

conditions (primary position and lateral gaze. Figure 10.9), shows that for the non

paretic adducting right eye the spectral peak is relatively flattened compared to the 

prim ary position, and the power in the OMT frequency spectrum is spread over a 

higher frequency range. For the paretic left eye there is a relative increase in spectral 

peak power.

A second recording was made 6 weeks later (Figure 10.8) when the palsy had resolved 

symptomatically, and there was only minimal residual limitation of abduction (< 0.5). 

This im provem ent was accompanied by an increase of 2.0Hz in the mean OMT 

frequency in the palsied eye to 81.9Hz, and an almost equivalent reduction (1.6Hz) in 

the non-palsied eye, to 86.5Hz. The recording in lateral gaze reflects the increase in 

frequency of OMT in both right and left eyes (increased in lateral gaze to 105.9 Hz in 

the right eye and 91.3 Hz in the left eye), and the pattern appears subjectively less 

chaotic than the lateral gaze recording in Figure 10.1. The derived spectra for the left 

eye after resolution of the paresis shows a relative increase in the peak OMT 

frequency in lateral gaze and a slight broadening of spectral power (Figure 10.7).

In Patients 4, 5 and 6 similar patterns were observed with increased apparent 

am plitude of OMT in lateral gaze. Figure 10.10 shows the eye movement traces in 

Subject 6, again showing an apparent increase in OMT frequency in the adducting 

non-paretic eye while there is little change in the abducting paretic eye (Figure 10.10 

and 10.11 show traces and derived spectra for Patient 6 in primary position and
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abduction, others not shown). All four subjects who had records in lateral gaze 

exhibited considerable overaction of the non-paretic eye in lateral gaze in the direction 

of the paretic muscle action, documented on a Hess chart.
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Figure 10.7 Right (unaffected) and left (paretic) eye recordings of horizontal fixational 
eye movement (prior to removal of drift and microsaccades, one second duration) 
from Patient 1 in primary position and attempted abduction of the paretic muscle 
(direction of action of left lateral rectus muscle). Note: amplitude is not calibrated 
against a standard but the relative amplitude in these recordings can be compared 
between the primary and lateral gaze positions as the probe setup was constant 
between records.
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Figure 10.8 Repeat recordings 6 weeks later after complete resolution of palsy. There is 
an apparent increase in amplitude and frequency in both eyes in lateral gaze 
compared to the primary position, but this is more prominent in the right (unaffected) 
eye. As for figure 10.1, the relative amplitude in these recordings is comparable 
between the primary and abducted positions.
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Figure 10.9 Power spectra of the horizontal components of OMT (filtered eye 

movement, derived spectra from 15 second recordings) for Patient 1, comparing the 

spectra in the primary position (black lines) versus in left lateral gaze for the 

unaffected right eye (A) and the paretic left eye (B). The OMT probes for right and left 

eyes were not calibrated therefore they cannot be compared in terms of power, 

however, the primary position and deviated position can be compared in terms of 

power as the probe position was identical between tests.
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from Patient 6 in primary position (eso-deviation of 18 prism dioptres) and attempted 
abduction of the paretic muscle (direction of action of left lateral rectus muscle, 
esodeviation of 30 prism dioptres). As for figure 10.9, the relative amplitude in these 
recordings is comparable between the primary and abducted positions.
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Figure 10.11 Power spectra of the horizontal components of OMT (filtered eye 
movement, derived spectra from 15 second recordings) for Patient 6, comparing the 
spectra in the primary position (black lines) versus in left lateral gaze for the 
unaffected right eye (A) and paretic left eye (B). As for Figure 10.9, the primary 
position and deviated position can be compared in terms of power as the probe 
position was identical between tests.
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10.4.3 Q uantitative analysis of OMT param eters in A bducens Palsy

Descriptive statistics (means, 95% confidence intervals and standard deviations) for 

the nine OMT param eters in controls and patients with abducens palsy in the primary 

position are shown in Table 10.3, and boxplots with graphical comparison of group 

m eans for OMT frequency peak param eters and spectral frequency distribution 

param eters are shown in Figures 10.12 and 10.13. Control subjects' OMT param eters 

were similar to those reported in the reliability study for OMT parameters in Chapter 

6 .

On MANOVA testing there was a significant effect of Group on OMT parameters 

WPC and MDBa (p = 0.013 and 0.002 respectively), and a trend towards significance 

for FBu, FBa and BSPR (see F-statistics for 'G roup' in Table 10.4).

Post-hoc comparisons between groups were therefore performed using Scheffe's 'S' 

test for multiple comparisons for WPC and MDBa (conservative test robust to unequal 

num bers of replicates between groups, unequal variances and non-normality of 

errors) (see Table 10.5). Group differences for the remaining OMT param eters were 

investigated by m ultiple comparisons using D unnett's test (conservative test which 

does not require a significant overall difference between groups for comparisons) (see 

Table 10.6).

For OMT peak frequency parameters, the paretic and non-paretic eyes fiad lower 

OMT peak frequency in term s of WPC, ARS and FBu (ps < 0.009 for paretic eye vs. 

controls and ps < 0.024 for non-paretic eyes). The difference in WPC was highly 

significant between paretic eyes and controls (mean difference 9.2 Hz 95% Cl (6.2, 

12.3Hz), p < 0.0005) and non-paretic eyes and controls (mean difference 4.8Hz, 95% Cl 

(1.8, 7.8H z),p = 0.001).

For the OMT spectral distribution param eter BSPR (ratio of LF to HF power in 

spectra), paretic eyes were significantly higher than controls (mean difference 0.35, 

95% Cl (0.03, 0.68). There was also a trend towards higher BSPR in non-paretic eyes of 

subjects with abducens palsy, but the difference was not as great as between paretic 

eyes and controls and did not reach significance (p = 0.051).
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For OMT 'burst' param eters NBu, PROBa, MDBu and MDBa there was no significant 

difference between groups.

Comparing paretic and non-paretic eyes in subjects with abducens palsy, overall there 

was a general trend towards lower estimates of OMT peak frequency parameters and 

higher BSPR ratios in paretic vs. non-paretic eyes. The difference was significant for 

WPC, which was lower in paretic eyes com pared to non-paretic eyes (mean difference 

4.4Hz, 95% Cl (0.6, 8.3Hz), p = 0.020). When the four subjects with only mild abducens 

palsy were removed from the analysis, the difference between paretic and non-paretic 

eyes became significant for BSPR (F(l,7) 7.820, p = 0.027, mean difference 0.203, 95% Cl 

0.008, 0.397), Scheffe's 'S' test p = 0.040) as well as WPC.
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95% Cl for Mean

OMT param eter Eyes(n) Mean Lower Upper Std.
Bound Bound Dev.

WPC(Hz) Control Eyes (48) 85.8 84.6 86.9 4.04

Palsy Unaffected Eye (12) 81.4 77.3 85.6 6.21

Palsy Affected Eye (12) 76.4 73.1 79.7 5.25

ARS (Hz) Control Eyes (48) 81.3 79.7 82.8 5.30

Palsy Unaffected Eye (12) 75.7 72.7 78.6 4.62

Palsy Affected Eye (12) 72.6 68.2 76.9 6.85

FBu (Hz) Control Eyes (48) 83.5 80.9 86.0 8.67

Palsy Unaffected Eye (12) 72.8 65.7 79.9 11.25

Palsy Affected Eye (11) 65.9 58.9 72.9 10.43

FBa (Hz) Control Eyes (48) 83.0 81.6 84.5 4.97

Palsy Unaffected Eye (12) 76.7 70.2 83.2 10.30

Palsy Affected Eye (11) 70.8 59.9 81.7 16.22

NBu (bursts s'^) Control Eyes (48) 4.3 3.9 4.8 1.54

Palsy Unaffected Eye (12) 3.6 2.5 4.6 1.61

Palsy Affected Eye (11) 3.2 1.9 4.5 1.92

BSPR (ratio) Control Eyes (48) 0.88 0.81 0.96 0.247

Palsy Unaffected Eye (12) 1.10 0.94 1.27 0.260

Palsy Affected Eye (11) 1.24 0.98 1.49 0.375

PROBa(%) Control Eyes (48) 83.2 81.2 85.1 6.76

Palsy Unaffected Eye (12) 86.4 82.3 90.6 6.52

Palsy Affected Eye (11) 88.2 82.4 94.0 8.67

MDBu (ms) Control Eyes (48) 37.8 37.1 38.6 2.66

Palsy Unaffected Eye (12) 37.8 36.0 39.5 2.71

Palsy Affected Eye (11) 35.9 33.2 38.8 4.19

MDBa (ms) Control Eyes (48) 174.3 153.3 195,2 72,01

Palsy Unaffected Eye (12) 212.6 165.2 260.1 74.65

Palsy Affected Eye (11) 260.9 177.9 343.7 123.4

Table 10.3 Descriptive statistics for all OMT parameters in recordings in the primary 

position in control subjects and in patients with abducens palsy (unaffected and 

affected eyes reported separately).

301



D e p e n d e n t  Variable Type III Sum of Squares df M ean  Square F Sig.

WPC(Hz) 87.441 1,46 87.441 6.643 0.013

ARS (Hz) 36.378 1,46 36.378 2.143 0.150

FBu (Hz) 227.847 1,46 227.847 3.845 0.056

FBa (Hz) 169.136 1,46 169.136 4.006 0.051

NBu (bursts s'^) 0.681 1,46 0.681 0.361 0.551

BSPR (ratio) 0.096 1,46 0.096 3.293 0.076

PROBa (%) 12.375 1,46 12.375 0.321 0.574

MDBu (ms) 14.727 1,46 14.727 1.774 0.189

MDBa (ms) 10394.3 1,46 10394.3 2.055 0.158

Table 10.4 Test statistics for difference between groups (controls (n = 48 records), 

unaffected eyes (n = 12 records) and affected eyes (n = 11 records)).
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M ean 95% Cl

D ependent Difference Std. Lower Upper
Variable Group vs. controls Error Sig. Bound Bound

WPC (Hz) Non-paretic Eyes 4.81 1.170 0.001 1.85 7.77

Paretic Eyes 9.23 1.213 <0.0005 6.16 12.30

Table 10.5 Multiple comparisons between controls and paretic and non-paretic eyes 

for OMT parameter WPC (reporting Scheffe's S-test).

D ependent

Variable Group

M ean  

Difference 

vs. controls

Std.

Error Sig.

95%

Lower
Bound

Cl

Upper
Bound

ARS (Hz) Non-paretic Eyes 5.6 1.54 0.005 1.6 9.6

Paretic Eyes 8.3 2.26 0.009 2.1 14.4

FBu (Hz) Non-paretic Eyes 10.7 3.48 0.024 1.3 20.0

Paretic Eyes 17.6 3.38 0.000 8.4 26.7

FBa (Hz) Non-paretic Eyes 6.3 3.06 0.162 -2.1 14.7

Paretic Eyes 12.2 4.94 0.088 -1.7 26.1

NBu (bursts s‘̂ ) Non-paretic Eyes 0.78 0.52 0.375 -0.59 2.14

Paretic Eyes 1.19 0.62 0.205 -0.49 2.87

BSPR (ratio) Non-paretic Eyes -0.219 0.083 0.051 -0.44 0.001

Paretic Eyes -0.351 0.119 0.034 -0.68 -0.026

PROBa(%) Non-paretic Eyes -3.28 2.120 0.352 -8.85 2.29

Paretic Eyes -5.05 2.790 0.245 -12.63 2.54

MDBu (ms) Non-paretic Eyes 0.09 0.87 0.999 -2.21 2.38

Paretic Eyes 1.86 1.32 0.436 -1.76 5.49

MDBa (ms) Non-paretic Eyes 38.39 25.59 0.333 -103.12 26.34

Paretic Eyes -86.60 38.62 0.123 -193.22 20.01

Table 10.6 Multiple comparisons between controls and paretic and non-paretic eyes 

for all other OMT parameters (using the conservative Dunnett T3 test).
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Figure 10.12 Boxplots show ing differences in  O M T peak frequency parameters 

between the five  eye groups. (Data from  lateral gaze tests in  subjects w ith  abducens 

palsy are included fo r comparison).
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10.4.4 Relationships between OMT parameters and Severity of Palsy

There were no significant direct correlations between OMT parameters in paretic eyes 

and severity of limitation of abduction or strength of prism  required to correct the eso- 

deviation. However, the m agnitude of the difference between OMT frequency (WPC 

and ARS) in the paretic and non- paretic eyes was related to the degree of severity of 

limitation of abduction and the degree of esotropia in the prim ary position. Paretic 

eyes with relatively more limitation of abduction had a greater difference in OMT 

peak frequency between the two eyes (WPC and ARS Spearman's rho 0.749,0.763 and 

ps (2-tailed) = 0.008, 0.006 respectively. Figure 10.14 demonstrates the relationship for 

WPC). Paretic eyes with greater degrees of esotropia in the prim ary position 

(corresponding to increasing prism  dioptres in Figure 10.15) the difference between 

the two eyes was greater (ARS Spearman's rho 0.722, p (2-tailed) = 0.012).

There was also a significant negative correlation between the difference in OMT BSPR 

between the paretic and non-paretic eyes and the severity of limitation of abduction, 

indicating that eyes with relatively more limitation of abduction showed greater 

relative increase in low frequency components in the OMT spectra compared to their 

fellow non-paretic eye (Spearman's rho = -0.812, p (2-tailed) = 0.004).

There was no significant relation between the difference between OMT peak 

frequency in the paretic and non- paretic eyes and the duration of the palsy at time of 

testing, recovery of function of the paretic eye, or time to recovery of function.

An OMT recording w’as m ade in one patient with a chronic sixth nerve palsy. This 71 

year old female patient had had chronic diplopia for at least three years prior to OMT 

testing. Clinical testing was stable since the onset of the diplopia: she had a mild 

limitation of abduction (-1), and a mild esotropia in the primary position (6D). The 

mean OMT frequency was lower in her palsied eye (75.0Hz) compared to the non

palsied eye (85.7Hz). The OMT burst param eters and BSPR were not assessed in this 

patient as the record in the paretic eye was contaminated with 50Hz interference.
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eyes plotted for patients with limitation of abduction ranging from -0.5 (very mild 

limitation) to -4 (severe limitation). Patients with mild limitation (-0.5 and -1) had 
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Figure 10.15 Mean difference in OMT parameters between the paretic and non-paretic 

eyes plotted against the patients' degree of limitation of abduction dem onstrating a 

positive correlation for WPC (R-squared-linear 0.621) and a negative correlation for 

BSPR (R-squared-linear 0.669). Limitation of abduction was graded from -0.5 (very 

mild limitation) to -4 (severe limitation). Patients with mild limitation (-0.5 and -1) had 

OMT frequencies which were in fact higher in the palsied than the non-palsied eye 

(negative mean difference).
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Figure 10.16 Mean difference in OMTARS peak between the paretic and non-paretic 

eyes plotted against the degree of esotropia in the prim ary position (in prism 

Dioptres). A higher strength of prism  is required to correct a more severe esotropia, 

due to greater limitation of the lateral rectus in the prim ary position. Again, patients 

with mild esotropia had OMT frequencies which were in fact higher in the palsied 

than the non-palsied eye (negative mean difference). A positive correlation is 

supported by the R-squared linear statistic (0.587).
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10.4.5 OMT in the Primary Position compared to Lateral Gaze

In control subjects OMT peak frequency (WPC) increases with increasing deviation 

from the primary position in abduction and adduction (Table 10.7, Figure 10.17.). 

There was an effect of eye position on OMT frequency (MANOVA 'position': WPC 

F(2,14) 13.6, p = 0.001). Post-hoc comparisons (via Scheffe's 'S' test) revealed that in 

control subjects OMT frequency was significantly higher in adduction than in the 

prim ary position (WPC mean difference 9.6Hz, 95%CI (4.5,14.6), p = 0.001) and 

abduction (mean difference 5.3Hz, 95% Cl (0.2, 10.3), p = 0.039). There was also a trend 

towards higher WPC in adduction than in the prim ary position (p = 0.101). BSPR did 

not differ significantly between eye positions (Table 10.7).

Serial OMT measurements in one of the control subjects (Figure 10.18) show graded 

increases in OMT frequency (Figure 10.18, top) in both abduction and adduction. 

There is an apparent negative correlation with pow er in the OMT spectral peak 

(Figure 10.18, middle), which shows a gradual reduction in both abduction and 

adduction. Notably the observed functions for OMT frequency and spectral power 

change more rapidly in the adducting eye than in abduction, reflecting the non-linear 

relationship between equal angles of rotation in abduction and adduction discussed 

above and reported in Table 10.7.

Regression analysis revealed a significant relationship between OMT peak frequency 

(WPC) and eye position in control subjects (i.e. including both abduction (the 

direction of action of the lateral rectus), and adduction (the direction of action of the 

medial rectus). Figure 10.17 shows OMT as a function of lateral rectus agonist action 

in abduction for a control subject. The slope of the increase in OMT with adducted eye 

position (Figure 10.17, left side graph) is clearly higher than the slope for the abducted 

eye position (Figure 10.17, right side graph). The regression m odel param eters and 

statistics for OMT peak frequency (WPC (Hz)) as a function of the adducted and 

abducted eye positions are shown in Table 10.7. The fit was significant for both linear 

and exponential models in abduction and adduction, and the difference between them 

was minimal. The fit for both param eters for the overall combined abduction and 

adduction data was to a quadratic function (WPC R-squared 0.799, F 33.79, df 2,17, p < 

0.0005; ARS R-squared 0.712, F (2,23) 28.47, p < 0.0005), (see Table 10.9 for regression
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fit model parameters and statistics, and Figure 10.20 for graphical representation). 

However this combination of abduction and adduction data clouds the true 

relationship between OMT frequency, eye position and EOM tension as discussed 

below.

10.4.6 OMT in the Primary Position compared to Lateral Gaze in Abducens Palsy

In patients with abducens palsy, on abduction in the direction of action of the paretic 

lateral rectus, OMT frequency did not increase in the paretic abducting eye (81.0Hz in 

paretic eyes versus 92.2Hz in controls, see also Figure 10.19, and the qualitative 

analyses of recordings in abduction above). However, OMT frequency did increase in 

the adducting non-paretic eye and was similar to the reported mean for control 

subjects (95.3Hz in non-paretic eyes of patients and 97.5Hz in controls). Descriptive 

statistics for WPC and BSPR in different positions of gaze for both groups are reported 

in Table 10.8. Limited num bers of recordings in cases precluded robust subgroup 

ANOVA analysis of the effect of position on OMT parameters in patients with 

abducens palsy.

Figure 10.20 shows the data and overall quadratic regression fit Line for the control 

subjects, with the data from patients with abducens palsy for comparison. The 

patients are clearly different from controls for both the paretic eyes in abduction and 

the non-paretic eyes in adduction. In figure 10.20 the right side of the graph (positive 

position values beyond the 0 primary position point) relate to the eye in abduction 

and is therefore related to lateral rectus function. The left hand side of the graph 

(negative position values) correspond to the eye in adduction, related to function of 

the medial rectus. The two sides of the graph therefore refer to conditions with 

differing EOM forces and physiological loads (since the medial rectus produces 

greater active force per given angle of deviation and since the load of orbital tissues is 

greater in adduction than abduction (see introduction and (Collins et al., 1981)). While 

this graph and the regression fit may be used to differentiate subjects with abducens 

palsy from controls, the adducting and abducting halves of the graph respresent 

different tension-position relationships and should be more correctly interpreted as 

separate adduction and abduction plots (Figure 10.17).
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Regarding other OMT parameters, no definite pattern was seen for BSPR in the 

different positions of gaze in controls (Table 10.7 shows no significant differences and 

ps > 0.12 for linear, quadratic and exponential models) or in subjects with abducens 

palsy (see Table 10.8). Two patients with abducens palsy exhibited a shift tow ards low 

frequency components in the spectra, indicated by an increase in BSPR while two 

others showed no change (Figure 10.19). An exponential regression model for power 

in the spectral peak was significant (p = 0.021) but the fit explained the observed 

variance to a limited extent (R-squared 0.204) indicating only a weak relationship.
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Dependent Mean Difference vs. 95% Cl

Variable Position Primary Position Std. Error Sig. Lower Upper

WPC (Hz) Adducting eye 9.5 1.84 0.001 4.5 14.61

Abducting eye 4.3 1.84 0.101 -0.7 9.33

BSPR (ratio) Adducting eye 0.15 0.094 0.324 -0.11 0.40

Abducting eye 0.00 0.094 0.999 -0.25 0.26

Table 10.7 M u ltip le  comparisons (Scheffe's conservative 'S' test) fo r difference 

between positions of abduction and adduction compared to the p rim ary  position  in 

tw o  healthy contro l subjects. (Error term  is (mean square(error) = 0.026)).

Adduction 15 -  20° Abduction 1 5 -2 0 °

OMT Non-paretic eyes Control eyes Paretic eyes Control eyes

parameter Mean SD Mean SD Mean SD Mean SD

WPC (Hz) 95.3 6.01 97.5 5.26 81.0 4.90 92.2 2.23

BSPR (ratio) 0.84 0.18 1.00 0.188 1.16 0.24 0.854 0.225

Table 10.8 Descriptive statistics fo r O M T peak frequency (WPC) and BSPR parameters 

in  lateral gaze in  patients w ith  abducens palsy (unaffected and affected eyes reported 

separately), and control subjects.

Eye Position Equation

Model Summary Parameter Estimates

R Square F d f l df2 Sig- Constant b l

OVERALL Quadratic 0.799 33.793 2 17 <0.0005 88.64 -0.217

ADDUCTION Linear 0.920 114.473 1 10 <0.0005 87.097 -0.761

Exponential 0.913 105.015 1 10 <0.0005 87.160 -0.008

ABDUCTION Linear 0.594 14.660 1 10 0.003 86.740 0.350

Exponential 0.592 14.504 1 10 0.003 86.727 0.004

Table 10.9 M odel sum m ary and parameter estimates fo r O M T peak frequency (WPC 

(Hz)) as a function  of adducted eye position, showing significant regression fits for 

linear and exponential models.
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Figure 10.17 Fit line for OMT peak frequency (WPC (Hz)) in positions of adduction 

(left hand graph, negative position values) and abduction (right side, positive position 

values) for controls. The linear and exponential fit lines for the data from regression 

curve estimation is also shown (adduction: R-squared 0.920 and 0.913 respectively, p < 

0.0005; abduction: R-squared 0.594 and 0.592 respectively, ps = 0.003, see text above 

for regression coefficients).
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relatively m ild  paresis (clinical grade -1), and exhibited a small increase in  OMT 
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Figure 10.20 Data fo r O M T peak frequency (WPC (Hz)) in  positions of abduction and 
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Microsaccades in A bducens Palsy

Descriptive statistics for num bers of microsaccades per 15 second record in controls 

and subjects with abducens palsy are shown in Table 10.10. ANOVA testing for a 

difference between groups in the num bers of microsaccades per trace (i.e. for patients 

with abducens palsy (both the unaffected and affected eyes) compared to controls) 

approached significance (ANOVA on Group, Subject; Group: F(l,46) 3.775, p = 0.058). 

Since this approached significance and because there was an apparent trend towards 

subjects with abducens palsy having fewer microsaccades in the non-paretic eye 

compared to controls (Figure 10.21), this was examined further using D unnett's test 

for multiple post-hoc comparisons (which does not require a significant between- 

group F-test). Again no significant difference was found although there was a trend 

toward non-paretic eyes having relatively more microsaccades than controls (paretic 

eye vs. controls p = 0.248, non-paretic eye vs. controls p = 0.057 (mean difference 8.4 

microsaccades, SEM 3.2)).

Parameter Palsy Group (n) M edian Range IQR

Number of MS Controls (48) 9 0-23 12

per trace Palsy Unaffected Eye (12) 22 3-33 17

Palsy Affected Eye (12) 16 3-33 16

Unaffected Eye Lateral Gaze (4) 15 4 - 4 4 34

Affected Eye Lateral Gaze (4) 16 4 - 4 4 33

Table 10.10. Descriptive statistics for num ber of microsaccades per trace among the 

different groups of eyes.
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Figure 10.21 Boxplot of num ber of microsaccades per trace for the 5 groups of eyes.
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10.5 Discussion

This investigation of OMT in abducens nerve palsy is the first study to contrast OMT 

in ocular m otor palsy with control subjects, and the first to investigate the effect of 

ocular muscle palsy on the response of OMT to eye positions in lateral gaze. The main 

findings were: (1) a reduction in OMT peak frequency in subjects with abducens 

palsy, with more severe clinical limitation of lateral rectus function being associated 

with relatively lower OMT frequencies and (2) in lateral rectus paresis the norm al 

increase in OMT frequency exhibited by healthy subjects when the eye is deviated in 

the direction of action of the lateral rectus was attenuated. The findings support the 

hypothesis that OMT frequency is related to EOM tension and the firing frequency of 

ocular motoneurons.

OMT param eters in abducens palsy

Sub-hypothesis 1: OMT frequency in the prim ary position of gaze will be reduced in 

abducens palsy, a condition associated with reduced neural firing and EOM tone.

This study found reduced frequency of OMT in paretic eyes of subjects with abducens

palsy compared to non-paretic eyes and compared to healthy age-matched controls. i

OMT peak frequency was on average 4.4Hz lower in paretic eyes compared to non

paretic eyes, and 9.2Hz lower in paretic eyes compared to controls. OMT spectral 

distribution was significantly shifted tow ards lower frequencies in paretic eyes 

compared to controls. The ratio of low frequency to high frequency content was 1.24 

in paretic eyes in abducens palsy compared to 0.88 in control eyes. BSPR was also 0.20 

higher in paretic eyes compared to non-paretic eyes in the subjects with m oderate to 

severe abducens palsy, but the difference was not significant when subjects with mild 

paresis were included. Non-paretic eyes also showed significant differences in OMT 

peak frequency and spectral distribution (BSPR) to control eyes, in the same direction 

as for paretic eyes, but to a lesser extent: on average, WPC was 4.8Hz lower and BSPR 

was 0.24 higher in non-paretic eyes com pared to age-matched controls.
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Since both abducens nerve firing and lateral rectus tone are reduced in abducens 

paresis, the reduced OMT frequency observed could be accounted for by either 

reduced neural firing or reduced EOM tone. This finding however provides further 

support for OMT being of neuromuscular origin rather than a cardioballistic or 

random  noise phenomenon.

OMT param eters and Severity of abducens palsy

Sub-hypothesis 2: OMT frequency will correlate negatively with increased severity of 

abducens palsy (indicated by greater limitation of abduction on clinical grading) and 

with greater eso-deviation in the primary position implying a relatively slack lateral 

rectus muscle with reduced neural firing and EOM tone.

The severity of abducens palsy (assessed in terms of prism dioptres of esotropia in the 

primary position and clinical limitation of abduction) was significantly related to the 

discrepancy in OMT param eters between the paretic and non-paretic eyes. 

Specifically, paretic eyes with the most severe limitation of abduction also had the 

lowest OMT peak frequency in the paretic eye compared to the non-paretic eye, and 

had the greatest shift towards low frequency components in the OMT spectra in the 

paretic compared to the fellow non-paretic eye. In the patients with mild limitation 

(clinically graded as -0.5 or -1) and mild esotropia (of less than 15 prism  dioptres), 

OMT frequencies were in fact higher in the palsied than the non-palsied eye (negative 

mean difference), and the BSPR ratio showed a shift towards higher frequencies in the 

power spectra of the paretic compared to the non-paretic eye.

There was no observed relation between the difference between OMT peak frequency 

in the paretic and non- paretic eyes and the duration of the palsy at time of testing, 

recovery of function of the paretic eye, or time to recovery of function.

No significant differences were found for the OMT 'burst' param eters NBu, PROBa, 

MDBu or MDBa. As discussed in Chapters 7 and 8, these parameters do not appear 

sensitive to differences in OMT parameters between groups where other parameters 

are unequivocally different.
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The record in the patient with a chronic abducens palsy suggests that reduced OMT 

frequency may persist in the paretic eye in chronic palsies. However this observation 

requires confirmation in a larger study.

OMT in the Prim ary Position com pared to Lateral Gaze

Sub-hypothesis 3: OMT frequency will increase as a fimction of abducted eye position 

in healthy subjects, and given that higher relative tension is generated in the medial 

rectus in adduction relative to the lateral rectus in abduction, if OMT is related to 

EOM tone then OMT frequency will he higher in adduction than abduction in 

individual subjects.

OMT frequency increased with deviation away from the primary position in healthy 

subjects. Power in the spectral peak was lower with deviation of the eyes away from 

the primary position. These findings concur with previous reports (Coakley and 

Thomas, 1976, Eizenman et al., 1985, Bolger, 1994b). The increase in OMT frequency 

was significantly greater in adduction than adduction: OMT frequency increased by 

4.3Hz in abduction and 9.5Hz in adduction and the mean frequency in the adducted 

position was 5.3Hz higher than in adduction. This is reflected in the slopes of the 

OMT frequency response to abduction and adduction (Figure 10.17), where the slope 

in the adducting direction is higher than the abducting direction. Therefore, for a 

given change in eye position, OMT frequency increased by more than twice as much 

for adduction than adduction, although the angular rotation was equivalent.

The differential response of OMT frequency to equivalent degrees of abduction and 

adduction has a num ber of possible explanations. A potential explanation for this 

finding is that the medial rectus is known to produce proportionally greater tension 

per degree of eye deviation than the lateral rectus to overcome the physiologic orbital 

inertia forces (Collins et al., 1981), which are higher in the direction of action of the 

medial rectus than the lateral rectus (Collins et al., 1981). It is also possible that the 

higher OMT frequency in adduction could reflect relatively higher neural firing to the 

medial rectus versus the lateral rectus for equivalent degrees of deviation of the eyes. 

However, experimental studies supporting this reasoning are lacking, and studies in 

goldfish suggest that both medial and lateral recti receive symmetrical innervation
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and the sym m etrical abduction  and adduction  m ovem ents of the lateral and  m edial 

rectus are achieved due  to different m otor u n it com position and sensitivity to efferent 

firing from  their m otoneurons (Pastor et al., 1991), rather than  any difference in firing 

pattern. On this basis, the find ing  of an increase in OM T frequency w ith  adduction  

relative to abduction  im plies OMT is m ore closely related to EOM tone ra ther than 

neural firing (which shou ld  be equivalent betw een  the tw o paradigm s). This finding 

requires replication in a larger num ber of subjects, as w ell as fu rther su p p o rt from 

stud ies of differences in  firing to the m edial and  lateral recti in prim ates and  hum ans.

O M T an d  Eye P osition  in  A bducens Palsy

Sub-hypothesis 4: The increase in OMT frequency in the direction of action of the 

lateral rectus (i.e. abduction) w ill be reduced or abolished in paretic eyes. In abducens 

palsy w here the lateral rectus is paretic, and the contralateral m edial rectus show s 

clinical overaction, a relatively greater increase in  OMT frequency in adduction  

com pared to the increase observed for control subjects is expected.

The response of OMT frequency to abduction  w as a ttenuated  in  eyes w ith  paretic 

lateral recti: an increase in  OM T frequency d id  no t occur. TTie hypothesis regarding 

m edial rectus overaction w as not supported  by the data  at first glance -  the increase in 

OM T frequency increase in  the adducting  non-paretic  eye w as sim ilar to the reported  

m ean  for control subjects (95.3Hz in non-paretic  eyes of patients and  97.5Hz in 

controls). H ow ever, on closer analysis, given th a t these subjects had  a low er baseline 

OMT frequency in paretic as w ell as non-paretic  eyes, the relative increase in OMT 

frequency in  non-paretic  eyes (14Hz increase in adduction  com pared to prim ary  

position) w as greater than  tha t observed in controls (9.5Hz increase in  adduction  

com pared to prim ary  position). A lthough the num ber of observations is small, this 

does support the hypo thesis that m edial rectus overaction m ay p roduce  a relatively 

greater increase in OMT frequency in  the non-paretic  eye in adduction.
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Microsaccades

This study did not show a significant difference in num bers of microsaccades per 

record between subjects with abducens palsy and control subjects, although there was 

a trend towards slightly more microsaccades per trace in non-paretic eyes of subjects 

w ith abducens palsy. This is of uncertain significance, especially since the range of 

microsaccades per trace was well within the range reported for normal subjects in 

Chapter 6.

Limitations

Although this study had a num ber of strengths, including the physiologically based 

hypotheses, it was limited by some experimental factors. The main limitation was the 

relatively few recordings m ade in positions of abduction and adduction. The lateral 

gaze recording condition was problematic using the current OMT system because 

when the eye was in an abducted position in healthy subjects there was insufficient 

space to place the probe tip on the scleral surface. A second limitation was blurring of 

subjective vision induced by probe contact which limited the subject's ability to 

comply w ith the required angle of deviation, since the fixation target often could not 

be discerned -  for this reason m any records were discarded and only two subjects' 

recordings were available for analysis. Difficulties have previously been reported in 

one of 10 subjects in a study of OMT in eye deviation using the piezoelectric probe 

method (Bolger, 1994b). In subjects with limitation of abduction, this problem did not 

occur to the same extent since the lateral deviation of the eye is restricted, therefore 

leaving sufficient space for probe contact.

A second limitation was the lack of quantitative m easurements of EOM tension for 

comparison with OMT frequency and eye position which could lend clarity to the 

relationship between OMT and EOM tension, which is inferred in this study based on 

known changes in EOM tension w ith eye position.
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10.6 Conclusion

This study of abducens nerve paresis provides some tentative insights into the 

relationship between OMT frequency param eters and EOM tension and motoneuron 

firing, inferred based on known relationships between EOM tension and m otoneuron 

firing in the extensive eye movement literature.

The main findings were firstly, a reduction in OMT peak frequency in subjects with 

abducens palsy, with more severe clinical limitation of lateral rectus function being 

associated with relatively lower OMT frequencies and secondly, in lateral rectus 

paresis the normal increase in OMT frequency exhibited by healthy subjects when the 

eye is deviated in the direction of action of the lateral rectus was attenuated. The 

findings support the hypothesis that OMT frequency is related to EOM tension and 

the firing frequency of ocular motoneurons.

This study provides further evidence that OMT represents a real neurophysiological 

param eter, related to ocular muscle tone and neural firing. Since EOM tone is a well- 

studied function of m otoneuron firing (Fuchs et al., 1988, Miller and Robins, 1992), 

this represents a true neurophysiological signal rather than a noise artefact or 

cardioballistic resonance phenom enon as contended in some reports (Carpenter, 1988, 

M arsden et a l, 1969).

In general the findings support both the neurological model -  that OMT reflects 

m otoneuron firing, and the neuromechanical model -  that OMT reflects EOM tension 

(Sheahan, 1992b). On the basis that OMT frequency was greater in adduction 

compared to abduction, a situation which reflects greater EOM tension but equivalent 

m otoneuron firing, the neuromechanical model receives slightly more support. 

However, the small num bers of subjects and the difficulties in recording OMT in 

lateral gaze with our current OMT measurem ent system preclude any firm 

conclusions regarding the accuracy of the neurological versus neuromechanical 

models with respect to OMT.
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Future Directions

This study provides an important starting point for future work -  further data is 

required to verify whether the relationship between OMT and eye position fits a linear 

or exponential function. To this end a non-contacting system which does not induce 

image blur and which can be used to examine the full excursion of abduction and 

adduction w ithout subject discomfort is required. If normative data is defined in the 

future for the relationship between eye position and OMT frequency, the function 

could be applied to the study of arousal and other putative factors affecting OMT 

frequency in cooperative subjects. Furthermore it could be used to investigate whether 

observed OMT characteristics support a neurological (Robinson, 1963) or 

neuromechanical model of eye movement. An initial step w ould be to quantitatively 

evaluate OMT in the context of Sheahan's model, with some modifications based on 

recent reports of parameters of neural firing rates.

A non-contacting system would also allow investigation of the post-saccadic 'slide' 

innervation (Optican, 1985, Davis-Lopez de Carrizosa et al., 2011) -  OMT would be 

expected to gradually show exponential decline after a saccade bringing the eye to a 

new position. Future studies may also investigate changes in OMT in response to 

surgical weakening and strengthening procedures. If OMT provides an objective 

measure of EOM tension, this could have potential as an intraoperative monitor 

during strabismus surgery to equalise EOM tension between agonist/antagonist pairs 

potentially im proving ocular alignment. An investigation of the effect of botulinum  

toxin on OMT could provide further clarity regarding the relationship between OMT 

and EOM tone related to different EOM muscle fibre types -  botulinum  toxin exerts its 

greatest effect on orbital singly innervated fibres (which are tonically active at rest 

during gaze-holding), with relative sparing of motor units recruited during saccades 

(Acheson et al., 1998, Stahl et al., 1998).

It w ould be interesting to simultaneously record EMG from extraocular muscles

during OMT recordings. This has not been performed to date, however the feasibility

and safety of such a study using the current piezoelectric OMT recording device is

currently limited by technical issues. EMG recordings from the extraocular muscles

are generally perform ed using needle electrodes inserted into the extraocular muscle

belly im der direct visualisation. Subsequently m ounting the relatively heavy OMT-
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PZT headset on a subject's head without dislodging the needle and potentially 

perforating the eye would be practically challenging. In addition the EMG electrodes 

could introduce distortion to the signal and hamper the recording of OMT, since the 

OMT-PZT device is known to be sensitive to electrical signal distortion. However, 

such an experiment may be feasible were a non-contact OMT recording device 

available.
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Chapter 11

Effects of temporary and chronic visual deprivation on 

OMT

OMT and the effect of efferent visual inputs on ocular m otor control: the influence 

of fixation and tem porary and chronic visual deprivation on OMT param eters

11.1 Introduction

Voluntary ocular control in adults depends on duration of childhood visual 

experience, recency of onset of blindness and to a limited extent on immediate visual 

inputs (Hall et al., 2000). Eye stability increases with length of visual experience, 

adventitious blindness in early childhood can have profound effects on eye stability 

(Kompf and Piper, 1987), but with increasing age at onset of blindness the effect on 

eye stability levels off. Ocular instability in chronic visual deprivation may result from 

dysfunction of central ocular motor control areas, which may degenerate with 

increasing duration of blindness, or which may have failed to develop in subjects with 

limited childhood visual experience (Leigh and Zee, 1980, Kompf and Piper, 1987).

Studies of fixational eye movements between states of fixation and non-fixation 

generally report reduced rates of microsaccades and increased drift am plitude during 

'non-fixation'. There is variability between studies in how 'non-fixation' is defined 

and experimentally achieved -ranging from the simple measure of a blank screen with 

and w ithout a projected fixation target where peripheral visual stimulation m ay be 

variable, to more controlled arrangements where fixation is abolished by placing an 

opaque sphere in front of the subject to remove all potential visual inputs (Spauschus 

et a l, 1999). Fixational state has been shown to affect the frequency of drift 

movements (Gaarder et al., 1967) and the rates of microsaccades. Fewer microsaccades 

occur when peripheral field stimulation is minimized (Snodderly, 1987) during
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performance of dem anding visual tasks (such as requiring the subject to detect 

dimming of the target) (Snodderly, 1987).

OMT and fixation

The effect of fixational state on OMT has been investigated in a few small studies in 

healthy subjects (Higgins and Stultz, 1953, Bengi and Thomas, 1973, Bolger, 1994b). 

Varying the viewing distance for the fixation target from easily visible (56cm) to just 

perceptible (300cm) affected larger movements, but there was no effect on average 

frequency of smaller movements (Higgins and Stultz, 1953). However, these 

observations were made using a slit-camera technique which could potentially record 

OMT frequency but not amplitude. Another small study using a piezoelectric method 

also failed to find an effect of fixation condition on OMT frequency in three subjects, 

but did report a reduction in OMT am plitude in two of the three, with flattening of the 

spectral peak at 40-80Hz (Bengi and Thomas, 1973). No significant difference in OMT 

peak count or spectral param eters between fixation and non-fixation was 

dem onstrated in a study of 11 subjects (Bolger 1994), although the large inter-subject 

variability in this study may have obscured a true effect of fixation condition on OMT. 

Complete abolition of fixation by covering the eyes with opaque white spheres did not 

affect the pattern of OMT (frequency, spectrum or by extrapolation, am plitude) in two 

subjects (Spauschus et al., 1999).

Subjective Visual Experience during OMT testing with the OMT-PZT device

To investigate the complex interplay between OMT, fixation and conditions of visual 

deprivation, it is necessary to assess the effect of OMT on subjective visual experience. 

This will inform discussion of the effect of visual deprivation on OMT. Any 

deleterious effect of the OMT-PZT recording protocol on subjective visual experience 

may have implications for comparison of fixation vs. non-fixation, since poor visual 

acuity is known to affect stability of fixation.
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11.2 Chapter Aims

Aims;

1. To investigate the effect of the OMT recording procedure (anaesthetic drops and 

probe contact) on subjective visual acuity and therefore to investigate whether 

visual tasks are possible during OMT measurement. This is an im portant factor in 

OMT testing involving visual tasks such as fixation or accommodation.

2. To investigate the effects of tem porary visual deprivation (the absence of visual 

perceptive inputs in darkness) on OMT param eters in subjects with good vision, 

and to compare with findings in chronic visual deprivation in blind subjects.

This study will also inform investigations in cUnical populations where low vision 

could contribute to variability in OMT recordings and should be considered a 

potential covariate in studies of OMT.
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11.3 Subjective Visual Acuity during OMT recording

Prior to any investigation of OMT in conditions of fixation, it is necessary to 

characterise subjective vision during the OMT testing procedure. This study provides 

estimates for subjective visual acuity during the OMT measurement procedure using 

our piezoelectric device (as described in detail in Chapter 4) to inform future studies 

of OMT where subjects are required to perform visual tasks such as fixation or 

viewing a perception task. The effect of the OMT recording procedure (anaesthetic 

drops and probe contact) on subjective visual acuity was studied.

11.3.1 M ethods

Subjects

32 healthy volunteers (mean age 34 years, range 24 -  65 years, 15 male) were recruited, 

with mean uncorrected visual acuity (UCVA) 0.27LogMAR, range -0.08 -+1.08 

(Snellen equivalent: 6/12, range 6/5 -  6/60). Written informed consent was obtained 

from each subject, in accordance with the protocol approved by SJH/AMNCH joint 

ethics committee. 27 subjects performed the test series on two occasions on the same 

eye, and 5 subjects performed the test series on one occasion.

Experimental Procedure

Subjects lay supine on the examination couch in the laboratory, w ith their head 

supported by the headrest used for OMT testing. A standard non-illuininated ETDRS 

chart (ZRKDC) was attached to the ceiling in Une with the subject's gaze position. The 

viewing distance was 1.63 metres. Baseline uniocular visual acuity for both eyes was 

recorded. Based on the baseline test, the eye with better visual acuity (the 'better eye') 

was chosen for the remaining tests. Two drops of Proxymethacaine anaesthetic were 

subsequently applied to each eye and uniocular visual acuity was again recorded in 

the better eye. Tlie OMT headset was positioned on the subject's head, the probes 

brought into contact with both eyes, and an OMT recording was m ade (ISseconds 

duration). At the end of the OMT recording procedure, the subject's visual acuity in 

the better eye was again recorded with the probes still in position against the eyes.

327



The OM T probes w ere retracted, and  in a subset of subjects, a final 'post-p rocedure ' 

visual acuity w as recorded in  this position.

Subjects' V isual A cuity w as therefore m easured  u n d e r four conditions:

1. Baseline

2. A fter application  of topical anaesthetic eye d rops

3. D uring OM T probe contact

4. Post-procedure.

In each case uncorrected  visual acuity (UCVA, i.e. w ithou t correction of refractive 

e rro r by m eans of glasses etc.) w as m easured , since refractive correction has to be 

rem oved to allow  OMT probe contact. Therefore the effect of probe contact can only 

be determ ined  in term s of UCVA.

Visual Acuity Charts and Scoring

The visual acuity  chart used  w as the version of the Bailey-Lovie LogM AR visual 

acuity  chart know n as the 'ETDRS' (Early T reatm ent in D iabetes R etinopathy Study) 

chart (Ferris and  Bailey, 1996). The ETDRS chart is the gold standard  for visual acuity 

m easurem ent in clinical research (Rosser et al., 2003). O utcom e m easures for visual 

acuity  using  this chart include LogMAR scores and  changes in the VA letter score 

(Beck et al., 2007), and  is designed for use  at a testing distance of 4m. H ow ever, the 

charts can be used  to m easure visual acuity at o ther distances, and  the visual acuity 

calculated using  a correction factor. For the LogM AR chart at a given view ing distance 

from  the subject, the correction factor is given by Eqn. 11.1

LogMAR correction = + logl0[4/view ing distance in m] Eqn. 11.1 

= + logl0[4/1.63]

= + 0.39 u n its

ETDRS scoring w as based on the num ber of letters read  correctly ('ETDRS scoring

m ethod  2') (Ferris and  Bailey, 1996). Subjects started  read ing  letters from  the lowest

(sm allest) row  w here he or she could read  all of the letters, and read  dow n until a row

w as reached w here at least three letters could  not be read. The v isual acuity w as then

determ ined  by taking the log score for the low est row  w here all letters w ere identified,

and subtracting  0.02 log units for every le tter identified beyond tha t row.
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Data analysis

A repeated-nneasures ANOVA was conducted on the three test levels (baseline, after 

anaesthetic drop application, and during probe contact) for the 32 subjects.

11.3.2 Results

The data for LogMAR UCVA at the tests 'Baseline UCVA' and 'VA after anaesthetic 

drops' were skewed. The remaining variables were normally distributed.

Given the positively skewed data, M auchly's test of Sphericity was violated for the 

RM-ANOVA. Therefore Greenhouse-Geisser corrected statistics are reported for the 

RM-ANOVA. There was a significant effect of test (baseline vs post-drops vs probes) 

on LogMAR UCVA [test, F(1.05, 59.78), 165.3, p < 0.001, Greenhouse-Geisser 

corrected]. Post-hoc comparisons revealed UCVA was significantly lower for the test 

with probes in situ compared to both the baseline test (mean difference -0.37LogMAR, 

95% Cl (-0.44, -0.30), p < 0.001) and the post-drops test (mean difference -0.37LogMAR, 

95% Cl (-0.44, -0.30), p < 0.001). There was no difference between the baseline test and 

the test post-drops.

Another RM-ANOVA was perform ed for the 14 subjects who completed the extra test 

post-procedure (four levels: baseline vs. post-drops vs, probes vs. post-procedure). 

M auchly's test of Sphericity was again violated and Greenhouse-Geisser corrected 

statistics are reported. There was a significant effect of test (baseline vs. post-drops vs. 

probes vs. post-procedure) [test, F(1.59,20.69) 55.23, p < 0.001]. Post-hoc comparisons 

again showed UCVA was significantly lower during the probes test compared to the 

baseline and post-drops tests (p < 0.001). UCVA during the 'post-procedure test' was 

significantly higher than during the 'probes test' (mean difference -0.35, 95% Cl (-0.47, 

-0.23), p = 0.039), but lower than the 'baseline' and 'post-drops test' (mean difference 

0.12 in both cases, ps= 0.040 and 0.041).
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UCVA n M ean SD M edian Range

Baseline (LogMAR) 59 0.26 0.27 0.09 0.09 -1 .0 7

After anaesthetic  drops (LogMAR) 58 0.25 0.27 0.09 0 , 0 9 - 0 .9 9

While probes in contact (LogMAR) 59 0.62 0.29 0.63 0.13 -1 .3 9

After probes removed (LogMAR) 14 0.35 0.28 0.29 0,09 - 0.99

Table 11.1 Descriptive statistics for Uncorrected Visual Acuity (UCVA LogMAR at 

1.63m adjusted for viewing distance as per Eqn. 11.1) under the four test conditions 

(median and range are reported since all param eters are significantly skewed).

UCVA n M ean  SD M edian  Range

Change in ETDRS letters following

anaesthetic  drops (letters) 58 0 2 0 -8 to  + 1 0

Change in ETDRS letters during probe

contact (letters) 59 -18 11 -17 -40 to +6

Table 11.2 Descriptive statistics for the change in ETDRS letter score (UCVA LogMAR 

letters at 1.63m adjusted for viewing distance as per Eqn. 11.1) following the 

application of anaesthetic drops and during OMT probe contact.
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11.3.3 Discussion

The main finding was a significant detrimental effect of the OMT measurement 

procedure on subjective uncorrected visual acuity. The effect was found to occur on 

probe contact, and was not related to topical anaesthetic drop application.

Subjects with a range of UCVA were included -  from Snellen equivalent 6/5 to 6/60.

Since it is not possible to wear refractive correction during OMT testing, this is 

another potential problem for visual tasks during OMT recording -  subjects would 

require uncorrected visual acuity sufficient for the performance of any visual task. The 

inclusion of subjects with low UCVA in this study likely leads to underestim ation of 

the effect of probes on UCVA, since a ceiling effect will be seen statistically for 

subjects with UCVA of 6/60 (they are unlikely to get much worse with probe contact).

ITie application of topical anaesthetic drops did not have a detrimental effect on 

UCVA, although there was some variability in response between subjects -  while the 

mean and median change in UCVA was zero, subjects' change in ETDRS letter score 

after drop application ranged from a loss of 8 letters to a gain of 10 letters.

The application of the OMT probes and the testing procedure resulted in a significant 

reduction in UCVA: median UCVA was reduced to 0.63 LogMAR (equivalent to 6/24 

Snellen VA), which is below the standard required for driving. The m ean reduction in 

ETDRS letter score was 18 letters, and ranged from a gain of 6 letters to a loss of 40 

letters. The subject who gained letters was a high myope (-10 spherical equivalent).

After removal of probe contact, but before removal of the headset and eyelid 

retracting tape (i.e. without allowing the subject to blink the eyes and replace the tear 

film) subjects regained UCVA almost back to baseline (mean difference 0.09 LogMAR, 

less than one line of LogMAR visual acuity). This suggests the effect of the OMT 

recording procedure on vision is due to probe contact, rather than any drying of the 

cornea due to eyelid retraction and lack of blinking during the recording procedure.

Further this suggests the effect of the probe is tem porary and only lasts as long as the 

probes are in contact -  if the probes affect comeal curvature or eye shape this effect 

resolves very soon after probe removal. The reason for reduced UCVA during probe
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contact is unknown. A likely cause is deformation of the comeal surface while the 

relatively heavy weight of the probe is resting at the limbus. This could be 

investigated by examining comeal topography before, during and after OMT probe 

application, possibly with a hand-held keratometer. However such an investigation 

w ould be ham pered by the limited aperture in the headset through which to measure 

keratometry. Altematively, comeal topography could be assessed before and after the 

OMT recording procedure. Given the almost immediate recovery of UCVA after 

probe removal however, this is unlikely to capture the effect of the probes on the eye 

responsible for the reduction in UCVA seen in this study.

Visual acuity is also reportedly affected by other eye movement recording systems, 

including when refractive correction is used. Using a scleral coil technique, average 

visual acuity may be slightly reduced with the scleral coil in situ, and in some cases 

visual acuity is reduced to such an extent that the test is not performed (Hamstra et 

a l, 2001).

Limitations

Only one aspect of subjective visual experience was measured here -  visual acuity at a 

distance of 160cm. The OMT recording procedure could also have profound effects on 

other aspects of vision, particularly contrast sensitivity, which are im portant in visual 

perception tasks.

The test paradigm  used here (LogMAR chart overhead at 1.63m) could lead to an 

underestim ation of tm e UCVA, since UCVA measured at shorter distances, and 

adjusted for test distance, generally produces a lower than expected VA score, with 

differences of 3.1 to 8.2 letters reported, depending on the discrepancy in viewing 

distance (Dong et al., 2002). This potential bias w ould however apply equally to all 

test conditions, meaning the comparative reduction in UCVA reported between 

conditions remains valid.
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11.3.4 Conclusion

In conclusion, this study found a tem porary detrim ental effect of the OMT 

measurem ent procedure on UCVA, in subjects with a range of baseline UCVA, which 

was of short duration. Probe contact was responsible for this effect rather than topical 

anaesthetic drops or drying of the comeal surface. UCVA during probe contact was 

associated with a reduction of 18 ETDRS letters compared to baseline, and as such 

subjects would not be able to reliably perform visual tasks requiring visual acuity of 

better than Snellen 6/15. Fixation w ith the OMT probes in situ therefore represents a 

form of induced visual disturbance, and the probes and the OMT measurement 

procedure itself may alter the norm al ocular control mechanisms and gaze stability of 

the eye. It may be possible to correct the visual disturbance introduced by the probes 

using lenses to correct for refractive error, however this has not been investigated to 

date. Future studies could define the refractive error induced by the probes by 

performing subjective refraction while the OMT probes are in situ. Alternatively, the 

developm ent of a non-contacting OMT measurement system such as that designed by 

Boyle (Boyle et al., 2001) would eliminate this issue, and would greatly benefit 

investigations of the relationships between fixation conditions and visual perception.
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11.4 The effect of visual experience on OMT

11.4.1 Introduction

TTie central hypothesis in this chapter is that, given that visual dysfunction and visual 

deprivation result in gaze instability (Leigh et al., 1989), as discussed in section 11.1 

above, OMT param eters will be altered by conditions affecting the maintenance of 

stable fixation, and that this will be reflected in changes in OMT frequency and BSPR 

ratio.

Based on this hypothesis visual deprivation is expected to have the following effects 

on OMT:

1. With greater instability, OMT frequency would be expected to be distributed 

throughout the power spectra, leading to lower OMT peak frequency, and 

relatively greater low frequency components (reflected by a higher BSPR 

ratio).

2. These changes in OMT param eters w ould be expected in subjects with 

incremental m odulation of visual inputs to guide fixation: from a condition 

with a fixation target, to holding gaze in the primary position without a 

fixation target, to holding gaze in the prim ary position in darkness.

3. Blind subjects with chronic visual deprivation w ould be expected to have 

lower OMT frequency and higher BSPR than controls in both light and 

darkness, and should show a positive relationship with increasing years of 

visual experience in childhood and a negative relationship with increasing 

years of blindness.
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11.4.2 Aim s

1. To investigate the effect of varying fixation conditions on OMT parameters in 

sighted subjects with good vision.

2. To compare OMT characteristics in the prim ary position in blind and sighted 

adults in the absence of external and non-ocular proprioceptive cues, 

quantified in terms of visual experience.

The current study aims to investigate these questions with a larger sample size than in 

previous investigations (discussed in section 11.1 above), and using a repeated- 

measures design with multiple estimates in both light and dark for each subject. This 

design allows construction of an ANOVA table to separate within-subject differences 

from differences due to illumination, and quantitative analysis of spectral parameters 

and OMT peak param eters rather than visual comparison of spectra for gross 

differences.

11.4.3 M ethods

A study was conducted to investigate the effect of m odulation of fixation condition on 

OMT frequency and pattern param eters in controls and to compare the findings to 

OMT recordings in blind subjects.

Control Subject Recordings

45 subjects were included, and OMT signals from both eyes were recorded under 

three conditions with incremental levels of visual input -  total darkness, under 

standard illumination (see below) in the laboratory fixating straight ahead, considered 

to approximate 'non-fixation' in this study, and under standard illumination in the 

laboratory with a fixation target, i.e. 'fixation'. Total darkness was achieved using 

blackout curtains and sealing all light entry points in a room in the laboratory. All 

subjects completed at least two test sessions of fixation conditions, but the replicates 

were not balanced across groups, so conservative ANOVA statistics are reported 

(Scheffe's 'S' and D unnett's T). The fixation target was a black cross printed on a white
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background 160cm overhead with the subject lying supine. The cross was made large 

enough to be resolvable by a majority of subjects based on results of the first part of 

this chapter (equivalent in size to a letter on ETDRS line 6, subtending a visual angle 

of 4 arcmin). Recordings were of 15 seconds duration, and the order of testing (light vs 

darkness) was randomized. Records were processed for analysis as described in 

Chapter 6. Recordings in darkness from two subjects were contaminated by gross 

distortion and were excluded from the analysis, therefore the analysis included 10 

records from both eyes of 10 subjects (20 records) in light and 8 records from both eyes 

(16 records) in darkness.

Blind Subjects

Adults with visual acuity of less than or equal to Counting Fingers (CF) in both eyes, 

were identified from the database of blind registration held by the National Council 

for the Blind Ireland. Letters were sent to 60 of these individuals who were living 

within the greater Dublin area (after the SJH/AMNCH joint ethics committee 

approved the letter and protocol) requesting voluntary participation in the study. 

Individuals who phoned the laboratory in response to the letter were screened by 

phone for exclusion criteria (exclusion criteria were as for the stroke study in Chapter 

9). Sixteen individuals who contacted the laboratory were suitable for inclusion, of 

which eleven subjects attended the research laboratory for one OMT recording 

session. One subject who attended the laboratory could not tolerate the OMT test 

procedure and was excluded from the analysis, so ten subjects (median age 49 years, 

range 35 -  75 years, five male) were included in the analysis. Written informed 

consent was obtained from all subjects, in accordance with the protocol approved by 

SJH/AMNCH joint ethics committee.

Ocular Microtremor Measurements

OMT was recorded following the protocol described in detail in Chapter 5 section 6. 

Study measurements were performed in a quiet room under artificial illumination 

(standard overhead lighting of lOOIux with blackout blinds on the windows to allow 

standard illumination and remove variability due to natural daylight) in the research
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laboratory. Each OMT trace (one from the right and left eye for each subject per trial) 

was analysed and OMT frequency and burst/baseline param eters (WPC, ARS peak, 

Fbu, Fba, NBu, BSPR, PROBa, MDBu, MDBa) were estimated as described in Chapter 

4 section 3 (Al-Kalbani, 2009). Traces were examined initially for evidence of 50Hz 

interference or other artefacts causing distortion of the signal. Subjects were asked to 

report whether or not they could subjectively feel either probe touching their eye 

during the test. Subjects were asked to report any unusual side-effects to the study 

coordinator by phone.

Data analysis

OMT parameters were calculated as described in Chapter 5. Data from blind 

participants and controls were analysed via m ultivariate ANOVA on the fixed factor 

'Fixation Group' ('Blind', 'Darkness' and 'Non-Fixation') and 'Subject'. Conservative 

tests were used for post-hoc multiple comparisons, which were robust to likely 

violations of assum ptions given the unequal group sizes and use of a control group 

(equal num bers of replicates, equal error variances and normality of errors) 

(Armstrong et al., 2000). Where F-tests showed a significant factor effect, post-hoc 

comparisons proceeded using Scheffe's 'S ' test, and to investigate subgroups where no 

overall factor effect was seen, D unnett's T3 test was used. Data were analysed using 

SPSS version 16 for Windows (SPSS, Inc).
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11.4.4 Results

Blind participants' demographics, visual acuity, aetiology of visual impairment, age at 

onset of vision loss and blindness and eye movements are sum m arized in Table 11.3. 

All subjects had visual acuity of no better than Counting Fingers (CF) in both eyes (i.e. 

legally blind). Subjects' age of blind registration ranged from 10 to 69 years old, and 

duration of blind registration ranged from 1 to 52 years. Two blind subjects had had 

uniocular enucleations; they both had ocular prostheses in situ, recordings were also 

made with the probe resting on the surface of the prosthesis in these two subjects, but 

the recordings from the prosthetic eye were not included in the analysis. None of the 

subjects had become legally blind before the age of 10 years.

No recordings in blind participants were contaminated with 50Hz interference. One 

recording from a blind subject (i.e. 1 of 18 records) was contaminated by gross 

distortion of the trace and was excluded from the analysis of all parameters. In 

controls, 2 of 180 records (1%) in non-fixation were contaminated by gross distortion, 

and 9 with 50Hz interference (4%); in darkness 2 of 20 records were contaminated by 

gross distortion and 2 by 50Hz interference (10% each); and in records during fixation 

1 of 38 records was contaminated by gross distortion and 1 by 50Hz interference (Chi- 

square 10.33, p = 0.324 i.e. no significant differences across groups in terms of noise, p 

= 0.324). The analysis of fixation conditions therefore included 17 recordings from 

blind subjects, 169, 36 and 16 records in controls in light w ithout a fixation target, 

during fixation and in darkness respectively. Controls and blind subjects were also 

comparable in terms of sensation of probe contact during recording (Chi-square 2.63, 

p = 0.269), a mild sensation of probe contact was reported by 38% of subjects overall.

On average, blind subjects had twice as m any 'm icrosaccades' per trace compared to

controls (mean 24, range 10 - 41, microsaccades per trace for blind subjects vs. mean

10, range 4 -1 6 , microsaccades per trace for controls, mean difference 13

microsaccades per trace, 95% Cl (12,14); univariate ANOVA on group, subject: F(l,20)

= 1033.2, p < 0.001). While this num ber of microsaccades is w ithin the norm al range

defined in Chapter 6, it is a potential confounder in analysis of OMT param eters and

was therefore checked for inclusion in the param eter analysis. In addition, while these

movements were similar in am plitude to microsaccades, they were of qualitatively
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different waveform, and may not be true 'microsaccades'. However, they were 

removed from the trace to allow OMT param eter estimation.

Tlie num ber of microsaccades per trace was however not significant for any of the 

OMT param eters in the subsequent MANOVA tests (ps > 0.319 for all parameters).
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Subject ID / 

Gender/ Age Eye BCVA

Aetiology of Visual 

Impairment

Age

Blind Eye movement in primary position Volitional Saccades and Pursuits

WPC

(Hz)

l/F /6 6 OD Pro. Traum atic eye in jury 40 W andering null, jerk nystagmus to Saccades grossly normal, pursuits N/A

(AA) OS NPL Retinal detachm ent 50 right; [Right prosthesis] abnormal; [Right prosthesis] 76.4

2/F /38 OD PL Retinal detachm ent 37 Right exotropla, a lternating conjugate Grossly normal 68.7

(SK) OS NPL Endophthalm itis nystagmus 76.1

3 /M /4 9 OD NPL Retinitis pigmentosa 29 Left exotropla, wandering null, Grossly normal 92.3

(JN) OS NPL alternating conjugate nystagmus 90.4

4/F /67 OD NPL Congenital glaucoma 15 Gaze-evoked jerk nystagmus Saccades grossly normal, pursuits 66.7

(SB) OS PL abnormal 78.7

5/F/SO OD Pro. Congenital exudative 10 Wandering null, no nystagmus pattern; M inim al m ovem ent Left; [Right N/A

(KD) OS PL v ltreo re tinopa thy [Right prosthesis] prosthesis] 75.7

6 /M /43 OD PL Optic nerve atrophy 32 Steady in primary position Grossly normal 77.9

(DE) OS PL 83.7

7 /M /7 6 OD HM AMD 69 Left exotropla, steady In primary Grossly normal 83.5

(FMc) OS HM position 82.9

8/F/35 OD CF Coat’ s disease 16 Steady in primary position Grossly normal 87.7

(YA) OS CF 84.7

9 /M /3 9 OD NPL Cortical blindness follow^lng 21 Jerk nystagmus to  right Grossly normal 80.1

(DC) OS NPL TBI 81.1

lO /M /6 7 OD PL Optic nerve atrophy 63 Steady In primary position Grossly normal 68.7

(JB) OS PL 79.4

Table 11.3 Subject dem ographics, v isual acuity, aetio logy o f v isual im pairm ent, age at onset o f v is ion  loss and blindness, eye movem ents, and the ir 

estimated O M T  peak frequency (W PC (H z)) fo r each eye. WPC is not reported fo r prosthetic eyes (N /A ). BCVA: best corrected v isua l acuity; Pro.: 

prosthesis; NPL: no perception of ligh t; PL: perception o f ligh t; H M : hand movements; CF: counting fingers; TBI: T raum atic  b ra in  in ju ry .
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OMT in ambient light with and without a fixation target and in darkness

MANOVA testing of all OMT param eters in 169 OMT records in 'non-fixation' (44 

subjects), 36 records in 11 subjects in 'fixation' and 16 records in 8 subjects in darkness 

(model; intercept + 'Fixation C ondition' + Subject) was significant for OMT peak 

frequency param eters (WPC, ARS, FBu and FBa) and approached significance for BSPR 

(Table 11.4). No difference was found for the burst param eters NBu, PROBa, MDBu and 

MDBa. Post-hoc com parisons for the param eters w ith a significant group effect (with 

conservative Scheffe's 'S ' test) showed the darkness condition was significantly different 

to both fixation and non-fixation for the OMT peak param eters WPC, ARS and FBa (ps < 

0.01). OMT frequency was lower in darkness than fixation or non-fixation w ith mean 

differences of 3 -  4Hz for the three frequency param eters (Table 11.5). Fixation and non

fixation conditions did not differ for any param eter (Table 11.5). BSPR was also examined 

using D unnett's T test as it had approached significance, but no difference between 

conditions was found (ps > 0.285).

Since no difference was found betw een fixation and non-fixation, and because there is 

potential variability in 'fixation' related to visual experience w ith OMT probes in situ (see 

C hapter 11.3 above), the rem aining analysis were conducted using the 'non-fixation' 

condition as the control condition against which to test for a difference in OMT 

param eters in darkness and in blind subjects.
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D e p e n d e n t  Variable Type III Sum of Squares df M ean Square F Sig.

WPC (Hz) 131.691 2,161 65.846 8.545 0.000

ARS(Hz) 150.865 2,161 75.433 5.871 0.003

FBu (Hz) 343.570 2,161 171.785 3.439 0.034

FBa (Hz) 244.609 2,161 122.304 4.183 0.017

NBu (bursts/s'^) 1.848 2,161 0.924 0.498 0.609

PROBa (%) 15.855 2,161 7.928 0.243 0.785

BSPR (ratio) 0.120 2,161 0.060 2.780 0.065

MDBu (ms) 29.416 2,161 14.708 2.319 0.102

MDBa (ms) 5480.154 2,161 2740.077 0.522 0.594

Table 11.4 F-test and statistics for MANOVA testing of OMT param eters in Fixation 

categories (in am bient light w ith and w ithout a fixation target vs. in darkness).
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Figure 11.3 Boxplots of OMT param eters WPC and BSPR under different conditions of 

fixation in control subjects. OMT WPC is significantly lower in darkness than  in non 

fixation and fixating a target at 160cm.
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Dependent

Variable Group

Mean Difference 

vs. Non-Fixation Std. Error Sig.

95% Cl

Lower Upper 

Bound Bound

WPC(Hz) Fixation -0.64 0.544 0.499 -1.98 0.70

Darkness 3.04 0.728 0.000 1.23 4.83

ARS (Hz) Fixation -0.56 0.703 0.732 -2.29 1.18

Darkness 3.06 0.939 0.006 0.73 5.38

FBu(Hz) Fixation -1.75 1.387 0.451 -5.18 1.67

Darkness 3.79 1.853 0.126 -0.78 8.37

FBa (Hz) Fixation 0.98 1.061 0.653 -1.64 3.60

Darkness 4.38 1.418 0.010 0.87 7.88

NBu (bursts s ') Fixation -0.37 0.267 0.375 -1.04 .029

Darkness 0.20 0.357 0.851 -0.68 1.08

BSPR (ratio) Fixation 1.09 1.122 0.626 -1.68 3.85

Darkness -0.68 1.499 0.901 -4.38 3.02

PROBa (%) Fixation 0.057 0.0288 0.145 -0.014 0.128

Darkness -0.070 0.0384 0.194 -0.165 0.025

MDBu (ms) Fixation 0.46 0.494 0.652 -0.76 1.68

Darkness -0.53 0.660 0.726 -2.16 1.10

MDBa (ms) Fixation 13.29 14.21 0.647 -21.82 48.41

Darkness -7.19 18.99 0.931 -54.11 39.74

Table 11.5 M u ltip le  com parisons between fixa tion  cond itions eyes fo r a ll o ther O M T 

parameters (using the conservative Scheffe's 'S ' test). (Mean Square(Error) = 5246.33).
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Effect of Non-fixation in Light vs. Darkness on OMT in Controls

The paired m easurem ents in 16 available records in 10 subjects who underw ent testing in 

am bient light im m ediately followed by darkness were also analysed separately to 

examine for an effect of light/dark while controlling for subject variability w ith paired 

measures.

An ANOVA was conducted on the m ean differences in subjects' OMT recordings between 

light and dark  conditions, and including subject and eye as factors in the analysis. There 

was a significant m ain effect of illum ination on WPC (F (1, 7) = 10.34, p= 0.015), ARS (F (1, 

7) = 8.27, p = 0.024) and MDBu (F (1, 7) = 10.03, p = 0.016). There was a significant 

interaction betw een illum ination and subject, indicating different subjects showed 

different sensitivity to illum ination conditions in term s of WPC (F (7, 7) = 3.83, p= 0.049) 

and ARS (F (7, 7) = 7.02, p = 0.010), but not for MDBu. The difference betw een light and 

dark conditions did not reach significance for BSPR, FBu, NBu, FBa, PROBa or MDBa.

Post-hoc com parisons (Table 11.6) revealed a small but significant reduction in OMT WPC 

and ARS peak frequency estim ates in darkness (in the region of 2.8 -  3Hz, Table 

11.6).There was a corresponding significant increase in BSPR ratio (LF:HF) in darkness, 

reflecting greater low frequency activity. None of the burst param eters w ere significantly 

affected by darkness.

OMT param eter

M ean d ifference  

in Light vs Dark

St. Dev. o f  

difference SEM

95% Cl for 

difference

Sig.

(2-ta iled)

WPC (Hz) 2.76 2.73 0.68 (1.3, 4.2) 0.001
ARS (Hz) 2.97 3.02 0.76 (1.4, 4.6) 0.001
FBu (Hz) 4.88 12.42 3.10 (-1.7, 11.5) 0.137
BSPR (ratio) -0.10 0.17 0.04 (-0.19, -0.01) 0.036
NBu (number s'^) 0.62 2.14 0.53 (-0.52, 1.76) 0.267
PROBa -1.67 8.22 2.05 (-6.04, 2.71) 0.429

Table 11.6 Post-hoc com parisons for difference betw een OMT param eters in light vs 

darkness (n = 16 paired m easures, i.e. df = 15). SEM: Standard error of m ean difference. Cl: 

confidence interval.
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OMT in 'Non-fixation' in Light, in Darkness and in Blind Subjects

Descriptive statistics for all OMT param eters in Fixation categories (in ambient light w ith 

and w ithout a fixation target vs. in darkness) are show n in Table 11.7. Boxplots of OMT 

WPC and BSPR ratio in the different groups are show n in Figure 11.4.

A MANOVA was constructed for the 160 tests in 'non-fixation' in am bient light, 16 OMT 

records in darkness in 8 subjects, and 17 records in 12 blind subjects. The model was 

adjusted for age differences by including subject age as a covariate in the analysis. OMT 

peak frequency param eters (WPC, ARS, FBu and FBa) were significantly different 

betw een groups (see Table 11.8 for F-statistics). Post-hoc com parisons (Table 11.9) 

revealed the 'b lind ' group had significantly lower OMT peak frequency param eters 

com pared to controls in both non-fixation (6.7 to 12.6Hz lower than controls for 

param eters WPC, ARS, FBu and FBa, ps < 0.0005 for all param eters) and darkness (3.7 to 

8.8Hz lower than controls in darkness WPC, ARS, FBu and FBa, ps < 0.039 for all 

parameters). Differences were m ore highly significant betw een blind subjects and controls 

in light than betw een blind subjects and controls in dark: WPC was 6.7Hz (95% Cl (4.9, 

8.5Hz), p < 0.0005) lower in blind subjects than controls in light, and 3.7Hz (95% Cl (1.2, 

6.2Hz), p < 0.0005) lower than controls in darkness.

BSPR was significantly higher in blind subjects indicating a shift tow ards lower 

frequencies in the OMT trace com pared to control subjects in both light and dark (mean 

difference 0.27 higher in blind subjects than in controls in darkness, and 0.34 higher in 

blind subjects than in controls in light, ps < 0.0005).



OMT p a ram e te r Eyes(n) M ean

95% Cl for M ean

Lower Upper 

Bound Bound

Std.

Dev.

WPC(Hz) Non-Fixation 86.823 0.497 85.841 87.805

Darl<ness 83.520 0.995 81.552 85.488

Blind 77.018 2.056 72.953 81.082

ARS(Hz) Non-Fixation 82.875 0.622 81.644 84.106

Darkness 79.114 1.247 76.649 81.580

Blind 70.660 2.575 65.568 75.752

FBu (Hz) Non-Fixation 81.293 1.299 78.725 83.861

Darkness 75.540 2.602 70.395 80.685

Blind 77.668 5.373 67.043 88.293

FBa (Hz) Non-Fixation 87.688 0.999 85.713 89.663

Darkness 82.416 2.001 78.459 86.372

Blind 56.238 4.132 48.067 64,408

NBu (bursts s'^) Non-Fixation 3.695 0.222 3.256 4.133

Darkness 3.462 0.444 2.584 4.340

Blind 3.990 0.917 2.176 5.803

BSPR (ratio) Non-Fixation 86.227 0.952 84.346 88.109

Darkness 87.545 1.906 83.776 91.314

Blind 83.302 3.937 75.518 91.087

PROBa (%) Non-Fixation 0.912 0.026 0.861 0.963

Darkness 1.015 0.052 0.913 1,117

Blind 1.110 0.106 0.899 1.320

MDBu (ms) Non-Fixation 36.470 0.457 35.568 37,373

Darkness 35.897 0.915 34.089 37.706

Blind 42.095 1.889 38.360 45.831

MDBa (ms) Non-Fixation 207.393 12.234 183.202 231.585

Darkness 205.926 24.509 157.463 254.388

Blind 211.668 50.616 111.585 311.752

Table 11.7 Descriptive statistics for all OMT param eters in Fixation categories (in ambient 

light w ith and w ithout a fixation target vs. in darkness).

347



D e p en d en t  Variable Type III Sum of Squares df M ean  Square F Sig.

WPC (Hz) 105.809 1,138 105.809 12.921 <0.001

ARS(Hz) 137.191 1,138 137.191 10.674 0.001

FBu (Hz) 321.051 1,138 321.051 5.737 0.018

FBa (Hz) 269.601 1,138 269.601 8.147 0.005

NBu (bursts/s‘‘) 0.525 1,138 0.525 0.322 0.571

PROBa(%) 16.838 1,138 16.838 0.561 0.455

BSPR (ratio) 0.103 1,138 0.103 4.691 0.032

MDBu (ms) 3.187 1,138 3.187 0.461 0.498

MDBa (ms) 20.891 1,138 20.891 0.004 0.948

Table 11.8 F-test and statistics for MANOVA testing of OMT param eters in fixation 

groups (blind subjects and controls in light (non-fixation) vs. in darkness). (Model: 

intercept + FixationCategory + Subject +Age (covariate)).
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Figure 11.4 Boxplots of OMT param eters W PC and BSPR under different conditions of 

fixation in control subjects and in blind subjects (n = 160 non-fix, 16 dark, 17 blind).
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M ean 95% Cl

D ep en d en t

Variable

(1) Fixation 

C ategory

(J) Fixation  

C ategory

D ifference

(l-J)

Std.

Error SIg. Lower Upper

WPC(Hz) Non-Fixation Darkness 3.0356' 0.75032 <0.0005 1.1789 4.8923

Blind 6.7307* 0.72998 <0.0005 4.9243 8.5371

Blind Darkness -3.6951* 0.99674 0.001 -6.1616 -1.2286

ARS (Hz) Non-Fixation Darkness 3.0563* 0.94002 0.006 0.7302 5.3825

Blind 6.9914* 0.91454 <0.0005 4.7284 9.2545

Blind Darkness -3.9351* 1.24874 0.008 -7.0251 -0.8450

FBu (Hz) Non-Fixation Darkness 3.793 1.9614 0.158 -1.061 8.647

Blind 12.616* 1.9083 <0.0005 7.894 17.338

Blind Darkness -8.823* 2.6056 0.004 -15.271 -2.375

FBa (Hz) Non-Fixation Darkness 4.378* 1.5083 0.017 0.646 8.111

Blind 9.544* 1.4674 <0.0005 5.912 13.175

Blind Darkness -5.165* 2.0037 0.039 -10.124 -0.207

BSPR (ratio) Non-Fixation Darkness -0.07009 0.038864 0.200 -0.16626 0.02608

Blind -0.33805* 0.037811 <0.0005 -0.43162 -0.24449

Blind Darkness 0.26796* 0.051628 <0.0005 0.14021 0.39572

Table 11.9 Post-hoc m ultiple com parisons for significant OMT param eters from  the F-test 

for fixation conditions in sighted subjects (in non-fixation and darkness) and blind 

subjects. (The error term  is M ean Square(Error) = 4965.149).
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OMT in Blind Subjects and Severity of Visual Impairment

There was no significant difference between subjects w ith profound visual im pairm ent (at 

least perception of light (PL) vision in one eye, n = 7 subjects) com pared to total visual loss 

(no perception of light (NPL) in both eyes, n = 3 subjects) (mean WPC: F (1,8) 0.127, p = 

0.731) (Figure 11.5). Of note, the blind subject with least visual im pairm ent (YA, Count 

Fingers visual acuity in both eyes), had OMT peak frequencies in both eyes that were 

m ore sim ilar to the control group than the blind group. However, the sam ple size was too 

sm all to conduct a stable quantitative analysis of the effect of different levels of vision (CF 

vs. HM, PL and NPL).

A possible confounding factor betw een these groups is the presence of abnorm al fixation 

in the prim ary position at rest, a feature of profound and total visual im pairm ent. Am ong 

the blind participants, the 3 totally blind subjects all exhibited grossly abnorm al stability 

of fixation in the prim ary position at rest, including w andering null movem ents and 

constant nystagm us (see Table 11.2). Of the subjects w ith profound visual impairment, 

three exhibited grossly abnorm al fixation and the four subjects w ith the least visual 

im pairm ent exhibited grossly steady fixation (i.e. they did not exhibit a w andering null or 

nystagm us). A lthough there was a trend tow ards m ore reduced OMT frequency in 

subjects w ith unstable fixation vs. stable fixation (Figure 11.6), pairw ise comparisons 

betw een subjects w ith stable and unstable fixation at rest did not reach significance, but 

both groups had significantly lower OMT peak frequency param eters than controls (see 

Figure 11.6).
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Figure 11.6 Boxplot of OMT WPC in controls in non-fixation ('control') and in blind 

subjects w ith steady fixation in the prim ary position and those w ith abnorm al fixation 

including w andering null and nystagm us (n= 8 'steady ', 9 'no t steady', controls 167).
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OMT and Duration of Visual Experience and Duration of Blindness

There is no  ap p a ren t overa ll re la tionsh ip  betw een  b lind  subjects' O M T peak  frequency  

(W PC) an d  OM T BSPR an d  years of v isua l experience (ps > 0.361 for all correlations). 

R egression analysis revealed  no sign ifican t overa ll re la tionsh ip  betw een  d u ra tio n  of 

b lindness and  OM T p eak  co u n t (W PC) (RsqAdj for linear, log an d  p o w er regressions < 

0.04, p s > 0.486) or O M T BSPR (RsqAdj for linear, log and p o w er regressions < 0.06, ps > 

0.486). W hile overall the  re la tionsh ip  w as non-sign ifican t for both, inspection  of the 

g rap h s in  F igure 11.6 an d  11.7 suggests a possib le re la tionsh ip  for subjects w ho are to ta lly  

b lind , w ith  increasing OM T frequency  w ith  years of v isual experience and  decreasing  

OM T frequency  w ith  years of b lindness (R -squared linear 0.488 for totally  b lind  subjects).

Such analyses could  be con founded  by subject age, a lth o u g h  an  effect of age w as no t 

significant on regression  analysis (R -squared 0.014).

O nly  one subject had  a d u ra tio n  of b lindness of less than  12 m onths, and  th is subject had  

the low est OM T peak  frequency  of all b lind  subjects (m ean  W PC betw een  tw o eyes w as 

72.4Hz).

352

I



9 5 -

X Total B lindness 
o  Profound Visual Impairment 

Total B lindness 
'  " .  Profound V isual impairment

8 0 -

R Sq Linear = 0.054 
R Sq Linear = 0.01

7 0 -

0 20 40 60

Y ears  Visual E x p e r ien c e

Figure 11.6 OMT peak frequency data plotted as a function of the num ber of years of 

visual experience. Each data point is the m ean OMT frequency averaged across both eyes 

for one subject. R-squared linear are 0.054 for subjects w ith total blindness and 0.01 for 

those w ith profound visual im pairm ent.
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Figure 11.7 OMT peak frequency data plotted as a function of the duration  of blindness 

(years) for each subject. Each data point is the m ean OMT frequency averaged across both 

eyes for one subject. (Fit line at total: R-sq: 0.031). R-squared linear are 0.488 for subjects 

w ith total blindness and 0.017 for those w ith profound visual impairment.
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Effect of Sensation of Probe Contact

Associations betw een OMT peak frequency and sensation of probe contact (mild 

sensation vs. no sensation) were exam ined for blind subjects and controls (Figure 11.9).

No significant difference was observed for controls w ith sensation. However, in blind 

subjects, OMT peak frequency was significantly lower in subjects w ith mild sensation 

com pared to subjects w ith no sensation of probe contact (mean difference 8.9Hz, F (1,16) 

7.357, p = 0.016). There was also a non-significant trend tow ards higher BSPR in subjects 

w ith m ild sensation of probe contact (p = 0.1). This was how ever confounded by relatively 

m ore of the totally blind subjects reporting no sensation com pared to those w ith profound 

visual im pairm ent (3 of 4 subjects w ith total blindness vs. 9 of 13 am ong subjects with 

severe and profound visual im pairm ent).
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Figure 11.9 OMT peak frequency in subjects who had a m ild sensation of probe contact vs. 

those w ith no sensation of probe contact, am ong all study subjects; and am ong all blind 

subjects (categorized as totally blind (NPL in both eyes) and 'severe visual im pairm ent (at 

least PL in one eye).
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11.4.5 Discussion

This study presents the most rigorous investigation to date of the effect of illumination, 

fixation conditions and visual impairment on OMT parameters. The main findings were:

1. OMT frequency in sighted control subjects was reduced in recordings made in 

darkness compared to recordings in illuminated conditions.

2. There was no difference in OMT frequency between control subjects while 

fixating a target and not fixating under illuminated conditions.

3. OMT frequencies were lower in blind subjects compared to control subjects in 

light and darkness.

4. A relationship between severity of visual impairment and OMT frequency was 

not found.

OMT parameters in varying conditions in sighted subjects with good vision

The potential role of fixational eye movements in vision has long been debated and has 

prompted studies on fixational eye movements under different conditions of fixation and 

illumination. As mentioned in the introduction above, fixational state and the 

performance of visual tasks has been shown to affect the frequency of drift and 

microsaccade movements (Gaarder et al., 1967, Snodderly, 1987). Meanwhile, darkness 

reportedly increases microsaccade and drift amplitude (Ditchburn & Ginsborg 1953).

Previous investigators have differed on whether fixation alters OMT parameters, with 

Bengi & Thomas (1972) reporting a flattening of the OMT spectral peak at 40-80Hz, and 

Bolger (1994) and Spauchus (1999) reporting little or no effect of fixational state on OMT 

frequency or spectral or peak count parameters with fixational state.

Investigating for an effect of illumination conditions on OMT, some studies failed to find 

any effect (Bengi and Thomas 1972, Coakley 1981), while one (Bolger 1994) reported a 

small but significant change in OMT spectral power in darkness compared to bright 

ambient illumination. Of note, eye closure may result in an increase in low frequency
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com ponents in the OMT spectra and an associated reduction in OMT frequency peak 

count (Coakley 1981) com pared to recordings m ade in darkness. However, eyelid closure 

m ay have m any confounding effects on OMT recording. The closed eyelids may alter the 

dynam ics of the oculom otor system  of the eye adding enough mechanical inertia to affect 

OMT frequency, sensory feedback from the closed eyelids m ight also affect OMT at the 

level of its generation.

A confounding factor in the analysis of the effect of fixation and illum ination on OMT is 

level of alertness and arousal, a complex and as yet not fully understood process (see 

Carter 2010 for review). Levels of alertness and arousal in diurnal anim als (including 

hum ans) are influenced by am bient light levels, am ong other factors. Specific cell groups 

in the suprachiasm atic nucleus are responsive to light (via retino-hypothalam ic afferents), 

and contribute to sleep-wakefulness regulation (see Rossenwasser 2009 for review). While 

it has been postulated that arousal has dow nstream  effects on OMT frequency via the 

reticular formation, in which the oculom otor nuclei responsible for generation of OMT are 

em bedded, it is know n that arousal and wakefulness are integrally linked to muscle tone 

m ediated by tonic noradrenergic neuron firing (see M cGregor 2010 for review).

Known connections between the optic tract and oculom otor nuclei could m ediate 

alterations in OMT with illum ination (Bolger, 1994). The optic tract sends tonic im pulses 

to EOM (Leigh and Zee, 1999) and changes in illum ination of the retina could affect OMT 

through connections to the oculom otor nuclei. Since OMT is know n to be related to tone 

in the extraocular muscles, any observed effect of illum ination on OMT could also be 

m ediated via an effect of altered arousal on muscle tone. It is w orth noting that altered 

arousal and am bient light intensity exhibit a complex relationship. W hereas we m ight 

expect an alteration in OMT firing w ith changes in arousal, changes in am bient light 

intensity are not necessarily associated w ith changes in arousal, and therefore it does not 

follow that changes in light intensity will be accom panied by changes in OMT frequency. 

Indeed, the firing frequency of OM neurons in the brainstem  of alert m onkey were not 

found to be altered by changes in am bient light intensity (Fuchs and Luschei 1972).



In this study OMT peak frequency param eters (W PQ ARS, FBu and FBa) were found to 

be significantly low er (by about 3-4Hz) in control subjects in darkness com pared to 

recordings m ade in am bient light, w hether or not the subject w as fixating a target. There 

was no difference in OMT param eters betw een controls in am bient light w hen fixating a 

target at 160cm vs. non-fixation. This finding was confirmed in the repeated-m easures 

analysis controlling for subject variability: illum ination (darkness vs. light) was again 

found to be a significant factor in OMT frequency for the param eters WPC, ARS and 

BSPR, w ith a shift tow ards low er frequencies in darkness. The finding of a significant 

interaction betw een illum ination and subject for WPC indicates individuals seemed to 

show different sensitivities to illum ination in term s of OMT peak frequency.

These findings support the hypothesis that tem porary visual deprivation (i.e. darkness in 

sighted subjects) results in OMT frequency being m ore distributed throughout the 

spectrum , w ith a greater proportion of low frequency com ponents. However, it is not 

possible to conclude w hat caused the observed reduction in OMT frequency in darkness. 

OMT frequency may be reduced in darkness due to an alteration in EOM tone with 

reduced arousal in darkness, due to an alteration in EOM tone resulting from  changes in 

gaze stability w ith lack of visual input to the oculom otor control system, or due to 

alterations in tonic inputs to the EOM from the optic tract.

OM T in b lin d  com pared to sigh ted  subjects

OMT peak frequency param eters were found to be significantly lower in blind subjects 

than both control subjects in am bient light, and control subjects in darkness. The 

differences were m ore highly significant betw een blind subjects and controls in am bient 

light. The com parison of OMT param eters betw een blind subjects and control subjects in 

am bient light could be considered a com parison of tem porary visual deprivation (i.e. 

sighted adults in the absence of external and non-ocular proprioceptive cues) and more 

chronic visual deprivation (i.e. legally blind subjects). The finding that OMT frequency 

was lower am ong blind subjects than in controls w ith tem porary visual deprivation 

suggests that while tem porary visual deprivation alters ocular m otor control, a more

357



profound alteration in ocular m otor control occurs w ith m ore chronic visual deprivation. 

The hypothesis that the reduction in OMT frequency observed in sighted subjects in 

darkness could be due to the relationship between arousal and illum ination is throw n into 

question here, since blind subject's recordings w ere m ade in am bient illumination, and as 

most subjects had vision of at least light perception, theoretically their arousal system s are 

stim ulated by the light despite lack of good visual acuity. Therefore, if the effect of 

darkness is m ainly due to loss of light-m ediated arousal, blind subjects w ould be expected 

to have a higher OMT frequency than control subjects in darkness.

OMT in Blind Subjects and Severity of Visual Impairment, Duration of Visual 

Experience and Duration of Blindness

No significant relationship betw een OMT frequency and severity of visual im pairm ent in 

blind subjects was found, although there appeared to be a trend tow ards lower OMT peak 

frequency w ith increasing severity of visual im pairm ent. The sample size was too small to 

produce reliable conclusions on this question, and  the analysis was also confounded by 

the greater degree of grossly abnorm al stability of fixation exhibited by the m ost visually 

im paired subjects.

Investigating for a relationship betw een OMT param eters and duration of visual 

experience and duration  of blindness, no significant relationship was found. However, 

am ong the small sub-group of totally blind subjects, there was a trend tow ards greater 

OMT frequency am ong subjects w ith the m ost years of visual experience, and low er OMT 

frequency w ith longer duration of blindness. This non-significant trend is lim ited by the 

small num bers involved, and requires investigation in a study with a larger sam ple of 

totally blind individuals. This finding is how ever interesting: since lower OMT frequency 

reflects relatively lower EOM tone, this suggests BOM tone is reduced in those w ith  less 

visual experience, and greater duration  of blindness.



11.4.5 Discussion

This study presents the m ost rigorous investigation to date of the effect of illumination, 

fixation conditions and visual im pairm ent on OMT param eters. The m ain findings were:

1. OMT frequency in sighted control subjects was reduced in recordings made in 

darkness com pared to recordings in illum inated conditions.

2. There was no difference in OMT frequency between control subjects while 

fixating a target and not fixating under illum inated conditions.

3. OMT frequencies were lower in blind subjects com pared to control subjects in 

light and darkness.

4. A relationship betw een severity of visual im pairm ent and OMT frequency was 

not found.

OMT parameters in varying conditions in sighted subjects with good vision

The potential role of fixational eye m ovem ents in vision has long been debated and has 

prom pted studies on fixational eye m ovem ents under different conditions of fixation and 

illum ination. As m entioned in the introduction above, fixational state and the 

perform ance to visual tasks has been show n to affect the frequency of drift and 

microsaccade m ovem ents (Gaarder et al., 1967, Snodderly, 1987). M eanwhile, darkness 

reportedly increases microsaccade and drift am plitude (Ditchburn & Ginsborg 1953).

Previous investigators have differed on w hether fixation alters OMT param eters, with 

Bengi & Thomas (1972) reporting a flattening of the OMT spectral peak at 40-80Hz, and 

Bolger (1994) and Spauchus (1999) reporting little or no effect of fixational state on OMT 

frequency or spectral or peak count param eters w ith fixational state.

Investigating for an effect of illum ination conditions on OMT, some studies failed to find 

any effect (Bengi and Thom as 1972, Coakley 1981), w hile one (Bolger 1994) reported a 

small but significant change in OMT spectral pow er in darkness com pared to bright
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am bient illum ination. Of note, eye closure may result in an increase in low frequency 

com ponents in the OMT spectra and an associated reduction in OMT frequency peak 

count (Coakley 1981) com pared to recordings m ade in darkness. However, eyelid closure 

may have m any confounding effects on OMT recording. The closed eyelids may alter the 

dynam ics of the oculom otor system  of the eye adding enough mechanical inertia to affect 

OMT frequency, sensory feedback from the closed eyelids m ight also affect OMT at the 

level of its generation.

A confounding factor in the analysis of the effect of fixation and illum ination on OMT is 

level of alertness and arousal, a complex and as yet not fully understood process (see 

Carter 2010 for review). Levels of alertness and arousal in diurnal animals (including 

hum ans) are influenced by am bient light levels, am ong other factors. Specific cell groups 

in the suprachiasm atic nucleus are responsive to light (via retino-hypothalam ic afferents), 

and contribute to sleep-wakefulness regulation (see Rossenwasser 2009 for review). While 

it has been postulated that arousal has dow nstream  effects on OMT frequency via the 

reticular formation, in which the oculom otor nuclei responsible for generation of OMT are 

em bedded, it is know n that arousal and wakefulness are integrally linked to muscle tone 

m ediated by tonic noradrenergic neuron firing (see McGregor 2010 for review).

K nown connections betw een the optic tract and oculom otor nuclei could m ediate 

alterations in OMT w ith illum ination (Bolger, 1994). The optic tract sends tonic im pulses 

to EOM (Leigh and Zee, 1999) and changes in illum ination of the retina could affect OMT 

through connections to the oculom otor nuclei. Since OMT is know n to be related to tone 

in the extraocular muscles, any observed effect of illum ination on OMT could also be 

m ediated via an effect of altered arousal on muscle tone. It is w orth noting that altered 

arousal and am bient light intensity exhibit a complex relationship. W hereas we m ight 

expect an alteration in OMT firing w ith changes in arousal, changes in am bient light 

intensity are not necessarily associated w ith changes in arousal, and therefore it does not 

follow that changes in light intensity will be accom panied by changes in OMT frequency. 

Indeed, the firing frequency of OM neurons in the brainstem  of alert m onkey w ere not 

found to be altered by changes in am bient light intensity (Fuchs and Luschei 1972).



In this study OMT peak frequency param eters (WPC, ARS, FBu and FBa) were found to 

be significantly lower (by about 3-4Hz) in control subjects in darkness compared to 

recordings m ade in am bient light, w hether or not the subject was fixating a target. There 

was no difference in OMT param eters betw een controls in ambient light w hen fixating a 

target at 160cm vs. non-fixation. This finding was confirmed in the repeated-m easures 

analysis controlling for subject variability: illum ination (darkness vs. light) was again 

found to be a significant factor in OMT frequency for the param eters WPC, ARS and 

BSPR, w ith a shift tow ards low er frequencies in darkness. The finding of a significant 

interaction betw een illum ination and subject for WPC indicates individuals seemed to 

show  different sensitivities to illum ination in term s of OMT peak frequency.

These findings support the hypothesis that tem porary visual deprivation (i.e. darkness in 

sighted subjects) results in OMT frequency being more distributed throughout the 

spectrum , w ith a greater proportion of low frequency components. However, it is not 

possible to conclude w hat caused the observed reduction in OMT frequency in darkness. 

OMT frequency may be reduced in darkness due to an alteration in EOM tone with 

reduced arousal in darkness, due to an alteration in EOM tone resulting from  changes in 

gaze stability w ith lack of visual input to the oculom otor control system, or due to 

alterations in tonic inputs to the EOM from the optic tract.

OM T in  b lin d  com pared to sigh ted  subjects

OMT peak frequency param eters were found to be significantly lower in blind subjects 

than both control subjects in am bient light, and control subjects in darkness. The 

differences were m ore highly significant betw een blind subjects and controls in am bient 

light. The com parison of OMT param eters betw een blind subjects and control subjects in 

am bient light could be considered a com parison of tem porary visual deprivation (i.e. 

sighted adults in the absence of external and non-ocular proprioceptive cues) and more 

chronic visual deprivation (i.e. legally blind subjects). The finding that OMT frequency 

was lower am ong blind subjects than in controls w ith tem porary visual deprivation 

suggests that while tem porary visual deprivation alters ocular m otor control, a more
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profound alteration in ocular m otor control occurs w ith m ore chronic visual deprivation. 

The hypothesis that the reduction in OMT frequency observed in sighted subjects in 

darkness could be due to the relationship between arousal and illum ination is throw n into 

question here, since blind subject's recordings were m ade in am bient illumination, and as 

m ost subjects had  vision of at least light perception, theoretically their arousal systems are 

stim ulated by the light despite lack of good visual acuity. Therefore, if the effect of 

darkness is m ainly due to loss of light-m ediated arousal, blind subjects would be expected 

to have a higher OMT frequency than control subjects in darkness.

O M T in  B lind Subjects and Severity of V isual Im pairm ent

No significant relationship between OMT frequency and severity of visual im pairm ent in 

blind subjects w as found, although there appeared to be a trend tow ards lower OMT peak 

frequency w ith increasing severity of visual im pairm ent. One blind subject w ith least 

profound visual im pairm ent (Count Fingers in both eyes) had OMT peak frequencies 

w hich were m ore sim ilar to controls than the other blind subjects. However, severity of 

visual im pairm ent (i.e. profound vs. total visual loss) was not predictive of OMT peak 

frequency.

One potential explanation for the reduction in OMT frequency in blind subjects is lack of 

light-stim ulation and therefore slightly reduced arousal in subjects unable to perceive 

light. If this hypothesis were correct, OMT frequency w ould be expected to be higher in 

those able to perceive light com pared to those unable to perceive light. Subjects w ith 

profound visual loss (including those w ith Perception of Light, Hand M ovements and 

C ount Fingers in  at least one eye) can all perceive light, while those w ith total visual loss 

(no perception of light) have by definition no perception of light. However, of the three 

subjects who w ere bilaterally NPL, the aetiology in one case was cortical blindness, and 

that subject should still receive light stim ulation at sub-cortical levels, which could still 

m ediate a light-related effect on OMT. The aetiology in the two rem aining cases was 

retinitis pigm entosa and retinal detachm ent (NPL m ost likely due to optic nerve atrophy 

in both cases), in  such cases no light w ould be transm itted to subcortical levels. If
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reductions in OMT frequency were due to lack of light stim ulation one w ould expect the 

frequency to be highest in the subject w ith cortical blindness, how ever this was not the 

case (see OMT peak frequencies in Table 11.3). Of note the clinical causes for blindness 

w ere based on patient interview s and data from the NCBI blind registration forms, rather 

than clinical exam ination or details of patient records. This could bias the assessm ent of 

aetiology of blindness.

A possible confounding factor in the analysis of severity of visual loss is the presence of 

abnorm al fixation in the prim ary position at rest. Subjects w ith profound and total visual 

loss are m ore likely to exhibit unstable fixation w ith superim posed m ovem ents such as 

pendular nystagm us. There was a trend tow ards more reduced OMT frequency in 

subjects w ith unstable fixation vs. stable fixation. However, the subjects w ith steady 

fixation also had had significantly lower OMT peak frequency param eters than control 

subjects.

Effect of v isual experience on OM T param eters in  b lin d  subjects

Investigating for a relationship betw een OMT param eters and duration of visual 

experience and duration  of blindness, no significant relationship was found. However, 

am ong the small sub-group of totally blind subjects, there was a trend tow ards greater 

OMT frequency am ong subjects w ith the m ost years of visual experience, and lower OMT 

frequency w ith longer duration  of blindness. This non-significant trend is lim ited by the 

small num bers involved, and requires investigation in a study w ith a larger sam ple of 

totally blind individuals. This finding is how ever interesting: since lower OMT frequency 

reflects relatively lower EOM tone, this suggests EOM tone is reduced in those w ith less 

visual experience, and greater duration  of blindness.

Since no subject suffered sight-loss prior to 15 years of age, all subjects in this sam ple had 

developed fixation during  early life. Future studies w ould ideally include some subjects 

w ho were blind at an earlier age -  this w ould help address the question of w hether early 

visual experience has an effect on OMT param eters.
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Effect of Sensation of Probe Contact

Mild sensation of probe contact does not have a significant influence on OMT frequency 

in controls. In blind subjects, OMT peak frequency was significantly lower in subjects 

w ith m ild sensation com pared to subjects w ith no sensation of probe contact. This was 

how ever confounded by relatively more of the totally blind subjects reporting no 

sensation com pared to those w ith profound visual im pairm ent (3 of 4 subjects w ith total 

blindness vs. 9 of 13 am ong subjects w ith severe and profound visual impairment).

Limitations

In addition to the lim itations discussed above (small sample size and greater degree of 

gaze instability among subjects w ho were profoundly visually im paired than among 

subjects w ith lesser degrees of visual impairment), blind subjects differed from controls in 

num ber of microsaccades per trace. Blind subjects exhibited twice as many 

'm icrosaccades' per trace as sighted subjects (on average 24 vs. 10 microsaccades in 15 

seconds). These larger m ovem ents, while similar in am plitude to typical microsaccades, 

were qualitatively different in waveform. It is unknow n how  well the Gabor transform  

denoising can handle and extract these waveforms. Further analysis of the behaviour of 

the Gabor filter in reference to these waveform s is needed to comment definitively on this. 

A lthough the num ber of microsaccades per trace w as not significant in the MANOVA 

tests, the analysis of blind subjects w ith abnorm al microsaccades m ust be interpreted in 

the know ledge that possible distortion related to these m ovem ents may be a confounding 

factor.

11.4.6 Conclusions

OMT frequency in sighted control subjects was found to be reduced in recordings m ade in 

darkness com pared to recordings in illum inated conditions. However, there was no
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significant difference in OMT frequency betw een control subjects while fixating a target 

com pared to voluntary gaze-holding in the prim ary position w ithout a fixation target 

under illum inated conditions.

OMT frequencies were found to be lower in a group of blind subjects com pared to 

subjects w ith good visual acuity in light and darkness. Am ong the sm all sam ple of blind 

subjects studied here, significant relationships between severity of visual im pairm ent, 

duration  of blindness or years of visual experience and OMT frequency were not 

identified. There was an apparent trend tow ards lower OMT peak frequency w ith 

increasing severity of visual im pairm ent, and a trend tow ards greater OMT frequency 

am ong subjects w ith the m ost years of visual experience, and lower OMT frequency w ith 

longer duration of blindness. These trends require further investigation am ong a larger 

sam ple of blind subjects.
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11.5 Chapter Conclusions

This chapter presents the m ost rigorous investigation to date of the effect of illum ination 

and fixation conditions on OMT param eters. Previous investigators reported conflicting 

experim ental findings regarding a potential effect of both illum ination and fixation on 

OMT. This chapter presents a robust repeated-m easures exam ination of OMT param eters 

in fixation com pared to non-fixation conditions and com pared to darkness.

The first investigation of the effect of the OMT recording procedure itself on visual 

perception is also presented. The OMT m easurem ent procedure was show n to have a 

tem porary detrim ental effect on uncorrected visual acuity, in subjects w ith a range of 

baseline UCVA, which was of short duration. Probe contact was responsible for this effect 

rather than topical anaesthetic drops or drying of the corneal surface. Uncorrected visual 

acuity during probe contact was associated with a reduction of 18 ETDRS letters 

com pared to baseline, and as such subjects w ould not be able to reliably perform  visual 

tasks requiring visual acuity of better than Snellen 6/15. The OMT recording procedure 

therefore represents a form of induced visual disturbance, and the procedure may alter 

the norm al ocular control m echanism s and gaze stability of the eye.

This chapter also presents the first characterization of OMT param eters in the context of 

low vision. Visual dysfunction and visual deprivation are know n to result in gaze 

instability (Leigh et al., 1989), which could be reflected in OMT param eters. The effects of 

visual dysfunction and the resultant gaze instability on OMT have been investigated here 

in subjects w ith low vision, w ith and w ithout gross instability of gaze.

This investigation of OMT in low  vision is pertinent to future investigations since severe 

visual im pairm ent (less than 6/60 in the better eye), although relatively uncom m on in the 

general adu lt population (rates of 0.1% - 0.7% (Klein et al., 1991, Attebo et al., 1996)), is 

increasingly prevalent in elderly populations likely to be encountered in clinical studies of 

neurological disease. Rates of 2% - 3.9% of severe visual im pairm ent are reported in 

epidem iologic studies of elderly populations (Klein et al., 1991, Attebo et al., 1996).

366



Therefore, awareness of a potential effect of low vision on OMT parameters is pertinent 

when examining OMT in elderly populations.
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Chapter 12

Conclusions

Reliable measurement of ocular microtremor, the smallest movement of the eye, has long 

been a challenge, but with appropriate measurement technology, the measurement of 

OMT has multiple uses in terms of neurologic and ophthalmic disease, as well as in the 

understanding of ocular motility. The general approach in this thesis was to provide 

thorough physiologic characterization of our current OMT measurement technology, to 

broaden the scope of OMT in neurologic and ophthalmic disease, and to investigate OMT 

in disorders of ocular motility.

Bengi and Thomas' piezoelectric strain-gauge (Bengi and Thomas, 1968b), previously 

modified for use in clinical populations (Sheahan et al., 1993), has recently been advanced 

through design features to optimize safety during in-vivo measurements of OMT (Al- 

Kalbani, 2009). In addition, automated OMT signal processing, with potential use in any 

system of OMT measurement has been significantly advanced in terms of signal recovery 

and pattem  analysis (Al-Kalbani et al., 2007, Al-Kalbani, 2009), for use in the current OMT 

measurement system. The new system was implemented and characterized in a variety of 

conditions of physiologic variation and in clinical populations in this thesis. Through 

these investigations a number of advancements in OMT knowledge are reported here.

The findings in this thesis further our understanding of OMT in five key ways;

Firstly, through the breadth of work presented, this thesis forms an in-depth 

characterization of the performance of Al-Kalbani's (Al-Kalbani, 2009) newly adapted 

piezoelectric system in human subjects in health. While the performance in neurologic 

and ophthalmic disease states is not subject to the same thorough investigation here (and



has not been reported previously with respect to other OMT measurement systems), some 

aspects of performance in clinical disease are presented.

Second, the findings extend the work of Sheahan (Sheahan et al., 1994, Sheahan et al., 

1993) and Bolger (Bolger et al., 1992, Bolger et al., 1999b, Bolger et al., 2001) investigating 

reliability of OMT parameters in response to physiologic variation, and also provide new 

insights into the effect of commonly consumed psychoactive substances on OMT 

variability.

Third, the link between OMT and arousal, established by previous clinical investigators in 

the context of sleep, anaesthesia, coma and brainstem death (Coakley and Thomas, 1977a, 

Coakley and Thomas, 1977b, Coakley et al., 1976, Coakley et al., 1979, Bolger et al., 1999a, 

Bojanic and Bolger, 1999), is strengthened here through the finding of a response of OMT 

frequency parameters to the stimulant caffeine.

Fourth, the influence of altered ocular motor control on OMT is assessed, through studies 

of OMT in abducens nerve palsy, and visual deprivation.

Fifth, the potential clinical applications of OMT are broadened by the work in clinical 

populations in this thesis, to include acute stroke prognosis and abducens nerve palsy.

This thesis advances the understanding of OMT in four general areas:

1. Knowledge pertinent to design and analysis of experimental investigations of 

OMT in general

2. Safety, reliability and characterization of the OMT recording procedure using the 

OMT piezoelectric system

3. OMT and arousal

4. OMT in disordered ocular motor control
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This thesis has advanced the understanding  of both the specific case of OMT 

m easurem ent using the piezoelectric system, and in a broader sense, findings pertinent to 

the recording of OMT using any device.

This thesis presents the m ost thorough investigation to date of the reliability and 

reproducibility of OMT param eters, in healthy subjects.

The acute effects of the commonly consum ed psychoactive substances caffeine and 

alcohol have been characterized, via robust random ized double-blinded 

placebocontrolled cross-over trials. O ur findings show  that studies investigating small 

changes in OMT param eters should address caffeine and alcohol in their research 

protocols to avoid variability in results due to these factors. Specifically OMT frequency 

param eters are know n to be influenced by a m oderate dose of caffeine (equivalent to one 

average shop-bought caffeinated coffee) for at least 90 m inutes after acute consumption, 

and effects may persist after 90 minutes.

OMT param eters in the context of low vision have been characterized here for the first 

time. Severe visual im pairm ent (less than 6/60 in the better eye), although relatively 

uncom m on in the general adu lt population (rates of 0.1% - 0.7% (Klein et al., 1991, Attebo 

et al., 1996)), is increasingly prevalent in elderly populations likely to be encountered in 

clinical studies of neurological disease, w ith rates of 2% - 3.9% reported in epidemiologic 

studies (Klein et al., 1991, Attebo et al., 1996).

In term s of contribution to know ledge specific to OMT m easurem ent using the recently 

advanced piezoelectric strain-gauge (Al-Kalbani, 2009), the reliability of the system has 

been characterized in depth. Future studies using this system  can base pow er calculations 

for clinical studies on the estim ates provided in Chapter 6, tailored to the param eters of 

interest -  peak frequency, burst param eters or the spectral content (BSPR). Smallest real 

difference estim ates can be used to assess w hether an observed difference in studies of 

OMT using this system  represents a true change in the m easured param eter rather than 

an effect of m easurem ent variability. Further, since Al-Kalbani's system  (Al-Kalbani, 2009) 

is the only system  in current use for OMT m easurem ent which has been characterized to
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the extent reported in this thesis, it may be considered the 'gold standard ' against which 

to assess other OMT m easurem ent devices.

Features of OMT recording using the piezoelectric system  vi^hich have received little 

attention in the literature are also addressed here, including intra-procedure subjective 

visual acuity, and the potential influences of ambient noise, microsaccades and subjective 

sensation of probe contact and discom fort on OMT param eters.

The effect of the procedure on vision during recording has been quantified. A lthough an 

effect of the scleral coil procedure for eye m ovem ent m easurem ent has been alluded to in 

some reports (Ham stra et al., 2001), to our knovv'ledge, investigators have not com m ented 

on the effects of the piezoelectric recording procedure on subjective vision. The procedure 

degrades interm ediate distance visual acuity by 18 ETDRS letters on average, or 4 lines of 

LogMAR uncorrected visual acuity. Therefore studies involving tasks v/hich require 

visual perception are problem atic with this system. The effect was found to be due to 

probe contact rather than topical anaesthetic drops or drying of the corneal surface.

Future investigations of the effects of OMT on visual perception, or of the effect of visual 

tasks on OMT, should take this into account and address the visual disturbance induced 

by the probes. Some solutions m ight include the use of targets large enough to be 

appreciable using the current system (on average subjects achieved 6/18 visual acuity w ith 

the probes in situ); application of refractive correction via subjective refraction while the 

probes are in situ. Alternatively, since the m ost likely reason for visual disturbance due to 

the probes is induced corneal astigm atism  due to deform ation of the shape of the ocular 

surface by the probes, a light-weight version of the piezoelectric probe is a potential 

solution. Ideally, investigations involving visual perception should use a non-contacting 

m ethod to m easure OMT, such as laser interferom eter (Boyle et al., 2001) or biospeckle 

(Al-Kalbani, 2009) m ethods currently under developm ent.

Variability related to sensation of probe contact was investigated in a num ber of settings, 

and in general it was not found to be contributory, except for the very rare but im portant 

case w here subjects experienced discom fort during recording. In such cases the 

recordings were found to be unreliable, and should be discarded. This is of particular
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relevance in clinical studies, w here gross distortion of recordings due to subject 

discom fort may be m istakenly attributed to abnorm ality of OMT. Discomfort during  OMT 

recording has been previously reported in one study (Sheahan et al., 1994), but w as 

attributed  in that case to a speculum  used to retract the eyelids, following which the 

procedure was changed to using adhesive tape for lid retraction, as im plem ented here. In 

one study presented in this thesis (chapter 8), subjects experienced mild discom fort 

during 4% of OMT recording procedures (10 of 252 recordings). Anecdotally this became 

extrem ely rare w ith increasing operator experience. As such the procedure is well- 

tolerated by the vast majority of subjects.

The current OMT m easurem ent system  incorporates a novel m ethod of signal recovery. 

W avelets are used to 'denoise' the signal, for OMT analysis separate from other fixational 

m ovem ents microsaccades and drift. This system has dem onstrated efficiency for OMT 

signal recovery from  traces in healthy volunteers (Al-Kalbani, 2009, AI-Kalbani et al., 

2007), bu t its perform ance under conditions of abnorm al eye m ovem ents and abnorm al 

OMT param eters is not well characterized to date. Of OMT recordings in the work 

presented here, 3% of recordings w ere contam inated by gross distortion of traces and an 

additional 3% of recordings were affected by 50Hz interference (which could be filtered 

post-recording).

The link between OMT and arousal

This thesis has advanced the know ledge of OMT and arousal through the study of the 

acute effects of caffeine on OMT. It was show n that a m oderate dose of caffeine, know n 

experim entally to increase physiologic arousal, produced a small but significant increase 

in OMT frequency param eters.

The effect of dark  am bient surroundings on OMT was investigated in the study of OMT in 

visual deprivation. While the finding of reduced OMT frequency in darkness m ay relate 

to visual signaling to the ocular m otor control system, another possibility is that darkness 

is associated w ith reduced arousal. Future studies could differentiate these effects by 

sim ultaneously m easuring arousal using  other neurophysiologic m easures of arousal such 

as skin conductance level, which could differentiate an arousal effect from the effect of
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lack of visual inputs to ocular control, since SCL w ould respond to an arousal effect but 

not a vision effect.

The stroke study also provided some further evidence regarding OMT and arousal. An 

increase in arousal following the adm inistration of the stim ulant m odafinil to a subject 

w ith brainstem  stroke produced an increase in OMT frequency param eters.

To date OMT has been proposed as a neurophysiologic technique to aid diagnosis and 

prognosis in conditions including Parkinson's disease (Bolger et al., 1999d) and m ultiple 

sclerosis (Bolger et al., 2000), while the bulk of clinical w ork has been in the areas of coma 

(Coakley and Thomas, 1977a, Shakhnovich et al., 1980), brainstem  death  (Coakley and 

Thomas, 1977b, Bolger et al., 1999a), and most recently, m onitoring depth  of anaesthesia 

(Coakley et al., 1976, Bojanic et al., 2001). However, OMT has not been im plem ented in 

routine use in conditions such as coma w here it has dem onstrated clinical utility, partly 

due to a lack of characterization of the effects of m edications and other metabolic 

variability on OMT (Feldon, 1999), while recent consensus guidelines do not support the 

use of ancillary testing in brainstem  death citing insufficient evidence of their accuracy 

(Wijdicks et al., 2010). This thesis addresses the first problem  -  lack of characterization of 

the effects of m edications on OMT -  as it investigates the effect of alcohol, one of the m ost 

com m on confounding substances in traum atic brain injury, and in clinical populations in 

general). M ore im portantly, the clinical potential of OMT is broadened further in this 

thesis to include the study of severity of acute stroke and stroke outcome, and ocular 

m uscle function. In particular the area of ocular muscle function and OMT is a potentially 

fruitful area for OMT research. Previous work has identified abnorm alities of OMT 

frequency and spectra in oculom otor palsy and ophthalm oplegia (Bolger et al., 1999c, 

Coakley and Thomas, 1979). These findings were considered evidence of OMT as a 

neurogenic phenom enon, reflecting neural firing in the brainstem. H owever, by 

extension, OMT is a m easure of extraocular muscle tension, and the investigation of OMT 

in abducens palsy in this thesis provides evidence that OMT is m ore closely related to 

tension than neural firing. The m easurem ent of OMT in positions of action of the 

extraocular m uscles in our study of paresis of the lateral rectus in abducens palsy 

provides further insight into the relationship betw een OMT and EOM tension than can be
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gained by measuring OMT in the primary position alone. As such the relationship 

between OMT and EOM tension in different positions of gaze holds potential as a means 

of objectively assessing EOM tension, and deserves further investigation.
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