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Abstract

The application of multifocal techniques to the visual kexb cortical potential

permits objective electrophysiological mapping of the viSedd.

The multifocal visual evoked cortical potential (mfVEQ#esents several technical
challenges. Signals are small, are influenced by a nuwibsources of noise and

waveforms vary both across the visual field and betvsedects due to the complex
geometry of the visual cortex. Together these factansper the ability to distinguish

between a mfVECP response from the healthy visual @athand a response that is
reduced or absent and is therefore representative ofipgyho

This thesis presents a series of methodological inagtigs with the aim of
maximising the information available in the recorded elgttysiological response
and thereby improve the performance of the mfVECP.

A novel method of calculating the signal to noise r@8bIR) of mfVECP waveform
responses is introduced. A noise estimate unrelatedetaegponse of the visual
cortex to the visual stimulus is created. This is aclielg cross-correlating m-
sequences which is created when the orthogonal setsaeigoences are created but
are not used to control a stimulus region, with the ipliggical record. This metric is
compared to the approach of defining noise within a deldgeglwindow and shows
good correlation. ROC analysis indicates a small impr@re in the ability to
distinguish between physiological waveform responsesmaise. Defining the signal
window as 45-250ms is recommended.

Signal quality is improved by post-acquisition bandwidttefihng. A wide range of
bandwidths are compared and the greatest gains are shenbgihdpass of 3 to 20Hz

applied after cross-correlation.

Responses evoked when stimulation is delivered using adsathy tube (CRT) and a
liquid crystal display (LCD) projector system are conggla The mode of stimulus
delivery affects the waveshape of responses. A signifjchigher SNR is seen in
waveforms is shown in waveforms evoked by an m=16 bitquesgce delivered by a
CRT monitor. Differences for shorter m-sequences wetatatistically significant.

The area of the visual field which can usefully beetgss investigated by increasing

the field of view of stimulation from 200 40 of radius in 10 increments. A field of



view of 3C of radius is shown to provide stimulation of as matthe visual field as

possible without losing signal quality.

Stimulation rates of 12.5 to 75Hz are compared. Slowing stir@ulation rate
produced increases waveform amplitudes, latencies and &NRs. The best
performance was achieved with 25Hz stimulation. It iewsh that a six-minute
recording stimulated at 25Hz is superior to an eight-mirteiz acquisition.

An electrophysiology system capable of providing multifocstimulation,

synchronising with the acquisition of data from a largember of electrodes and
performing cross-correlation has been created. This peveerful system which
permits the interrogation of the dipoles evoked within cbenplex geometry of the
visual cortex from a very large number of orientatjomBich will improve detection

ability.

The system has been used to compare the performari® mbnopolar recording
channels in detecting responses to stimulation throughoutdbal Vield. A selection
of four electrodes which maximise the available inforovatihroughout the visual
field has been made. It is shown that a several connnsaof four electrodes provide
good responses throughout the visual field, but that it is rfapbto have them
distributed on either hemisphere and above and below O

A series of investigations have indicated methods okimmaing the available
information in mMfVECP recordings and progress the teglsitowards becoming a
robust clinical tool. A powerful multichannel multifocallectrophysiology system has
been created, with the ability to simultaneously aegdata from a very large number
of bipolar recording channels and thereby detect many sjadlle responses to
stimulation of many small areas of the visual fieldisTwill be an invaluable tool in

future investigations.

Performance has been shown to improve when the preseabsence of a waveform
is determined by a novel SNR metric, when data is flk@@st-acquisition through a
3-20Hz bandpass after cross-correlation and when a CRIEed to deliver the
stimulus. The field of view of stimulation can usefullg extended to a radius 0f°30
when a 60-region dartboard pattern is employed. Perfar@nean be enhanced at the
same time as acquisition time is reduced by 25%, by theolise 25Hz rate of
stimulation instead of the frequently employed rate ofZZ5H
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Chapter 1 — The Visual System

1.0 Introduction

Visual electrophysiology measures the electrical dgtiof the visual system and
allows an objective assessment of function. Lightanform of flashes or patterns is
used to stimulate the retina, evoking a response wkicbhmmunicated to the visual
cortex where the brain interprets the visual input. Eweked response can be
measured as an electroretinogram (ERG) from the retsiag corneal electrodes and
as the visually evoked cortical potential (VECP) frora thsual cortex using scalp
electrodes.

Recent research and improving technology has expandedagability of visual
electrophysiology. This thesis investigates the multifogisual evoked cortical
potential in human subjects.

This chapter comprises brief descriptions of the anatofhe visual system and

visual field measurement.

1.1. The Visual System

The visual system is part of the nervous system whetatls light and interprets it as
a visual image. It comprises the eye, the optic nemtg chiasm, optic tract, lateral

geniculate nucleus, optic radiation and the visual cortex

Light enters the eye through the transparent cornggasses through the pupil, the
opening in the iris. The light converges as it passesugirghe lens, it continues

through the agueous humour and in the healthy eye, a &eaised and inverted

image is incident upon the retina. The retina convéedight into electrical signals

which are transmitted via the optic nerve to the otaifpbe of the brain.

The eye itself is composed of three layers; the fibriayer which provides structure
and protection, the vascular pigmented layer which providtesd supply, secretes
aqueous humour and controls the amount of light entermgye and the nervous
layer or retina. The centre of the eye is filled why-like vitreous humour. An axial

section of the eye is shown in Figure 1.1.
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Chapter 1 — The Visual System

Iris

Posterior chamber Anterior chamber

d with agueous humor
R Ciliary muscle

Suspensory ligament

Zonular fibers

Vitreous humor

Optic dise

Optic nerve

Figure 1.1Axial section of the human eye
http://en.wikipedia.org/wiki/Sclera

1.1.1. The Fibrous Layer
The sclera and cornea make up the fibrous layer whickenwiied with internal
fluid, gives shape to the eye and protection to thenatestructures.
The cornea is the most powerful optical lens in the Egeanterior surface meets the
air. Posteriorly, it meets liquid agueous humour and ai®mal circumference is
continuous with the sclera at the corneo-scleraldisnb
The sclera is the white outer coating of the eye amsdahposterior opening for the
optic nerve fibres and retinal vessels. It is made okéefibrous tissue making it
strong enough to withstand the intraocular pressure gmawde protection.

1.1.2. The Vascular Pigmented Layer

The middle vascular pigmented layer is also knowrhasutea and has three distinct
regions. The choroid is a highly vascular, pigmentgdrlavhose blood vessels supply
nutrients and oxygen to the whole eye. Its pigmentatielps to absorb light, and

prevent its scattering within the eye. The ciliary pa@dmpletely encircles the lens
and secretes aqueous humour. Ciliary muscles control deape. Suspensory
ligaments hold the lens in place. The iris incompletelyers the anterior portion of
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Chapter 1 — The Visual System

the lens, forming an adjustable opening called the pupil, whilows light to enter
the eye.

1.1.3. The Retina
The innermost layer of the eyeball is the retina whech thin sheet of neural tissue.
This is the image plane on to which the optical sygissjects. It is here that incident
photons are converted to neural impulses to be trandntdtéhe brain for analysis
and interpretation.

The outer surface of the sensory retina is apposed teetimal pigment epithelium

and the inner surface is next to the vitreous.

The retina contains three principal groups of neurons. Mnkerare the ganglion
cells, followed by the bipolar cells with the photaptors arranged posteriorly.
Light passes through the ganglion and bipolar cells andletected by the
photoreceptors. The impulses are transmitted antgtimbugh the layers. The retina
also contains other neurons; the horizontal and angacells and supporting Muller

cells.

Figure 1.2The cellular layers of the retina

There are two types of photoreceptor cells, rods andscétwds are specialised for
vision in dim light. They discriminate between areadigiit and dark and allow the

determination of shape and motion. Cones are speddbsecolour vision and high
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Chapter 1 — The Visual System

visual acuity and are most densely concentrated withencentral one degree of
vision, an area called the fovea. Rod density reacheximona at approximately 18
degrees from the fovea. Figure 1.3 below shows the or$dtip of cone and rod

density with eccentricity.

200
Cone

density

150

1an

an

Density in thousands per square mm

-0 -&0 -40 40 =10] an
éangular separation from fovea {degrees )

Figure 1.3Variation of rod and cone density with eccentricity.
(taken from http://hyperphysics.phy-astr.gsu.edu/hbase/vision/rodcone.html)

Many rods connect with one bipolar neuron, and many ofetlisolar neurons
connect with a single ganglion cell. This greatly redugesial acuity but the
summation effect permits a ganglion cell to be stinaalaA ganglion cell connected
to a single cone would not be stimulated by the sawve bf light as the ganglion cell
connected to several rods. Synaptic connections therefontribute greatly to
differences in visual acuity and light sensitivity.

Human retina

Figure 1.4Fundus image of the human retina
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Chapter 1 — The Visual System

Bipolar cells are primarily responsible for transmittingformation between
photoreceptors and ganglion cells. In the fovea wheu#yais highest there is a 1:1:1
ratio of photoreceptors : bipolar : ganglion cellstia peripheral retina where acuity
is lower, bipolar cells can receive inputs from up to 100.rédsiity reduces with
eccentricity and this is reflected in the ratio of mmeteptors to bipolar cells.

Posteriorly, bipolar cells also interact with horincells to enhance the edges
present in an image and increase the contrast oétimalrimage.

Anteriorly they interact with amacrine cells to adjulse brightness of the retinal
image and integrate sequential activation of neurons totdatsion.

Ganglion cells receive input from bipolar, amacrine andzbatal cells. Their axons

extend posteriorly to a small area of the retina dalhe optic disc where they exit the
eyeball as the optic nerve. They terminate in the lagenaiculate nucleus. The optic
nerve head is located l'hasally to the central fovea. It has no photoreceptors

cannot therefore detect light and is known as the blintd spo

1.1.4. Optic Nerve

The optic nerve contains approximately 1 000 000 nerve fibeed) one arising from
a single retinal ganglion cell. The optic nerve catsi¢he eyeball to the optic chiasm
and leaves the orbit via the superior orbital fissure. Whenganglion cell axons
enter the optic nerve they are distributed accordin@eo retinal origin. The axonal
density is highest in the inferior temporal quadrant whigm@ majority of the
papillomacular bundle enters the nerve. As the gamglell axons progress down the
nerve, they redistribute themselves.

1.1.5. The Optic Chiasm

The two optic nerves join together at the chiasm andilthes from the nasal retinae
cross over (decussate) and join the fibres from th@aemhretina of the contralateral
eye. This decussation results in all information presetideeach half of the visual
field being processed by the contralateral visual cortex.

Within the chiasm the fibres are arranged in a systemaitner. The macular fibres
lie centrally, those from the upper portions of thengetilie dorsally and those from

the lower quadrants lie in its ventral or nasal part.
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1.1.6. The Lateral Geniculate Nucleus

From the optic chiasm, the fibres progress through the tfatats to the lateral
geniculate nuclei (LGN), which act as a relay statiormfrevhich fibres fan out,
finally reaching the visual or striate cortex within thecipital lobe of the brain. The
LGN are composed of six layers of cells separated by wiaitels of optic nerve
fibres. The striation of the lateral geniculate bodsesrganised in such a way that no
cell receives input from both eyes and each layer sentaly right or left eye cells.
The two ventral layers contain large cells (magrata) which process information
relatively quickly. The remaining four dorsal layers tw@m smaller cells
(parvocellular) which take longer to process more dtarnformation.

1.1.7. Visual Cortex

The final stages of visual processing occur in the visualexorit can be
subcategorised as the primary visual area (V1, Brodmann’'s Bfgaand the
secondary visual areas which include V2, V3, V4 and V5 and raoengassed by

Brodmann’'s areas 18 and 19.

1.1.7.1.Primary Visual Cortex

The functionally defined primary visual cortex is approxihathe same volume of
brain as that described anatomically as striate cort€ke term ‘striate’ is used
because myelinated nerve fibres create white strip&éswiite grey matter.

The primary visual cortex occupies the walls of the deslparine sulcus on the
medial surface of each hemisphere and extends on tmttex above and below the
sulcus. It extends posteriorly as far as the occipibdeé and a small portion extends
on to the posterolateral aspect of the pole. Antlgrithie area extends forwards above
the calcarine sulcus as far as the parietal-octgutaus; below the calcarine sulcus it
extends forward a little further.

V1 has a topographic map of the visual field. There iseara image’ which retains
the spatial layout of the pattern of light incidenthe retina. This mapping is referred
to as retinotopy. Information presented in the left bathe visual field is detected by
the nasal half of the left retina and the temporél dfathe right retina. Fibres from
these retinal areas project on to the right cerdiwalisphere and vice versa. (Figure
1.5)
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Figure 1.5The image pathway from the retina to the visual cortex.
(Taken from http://gwis2.circ.gwu.edu/~atkins/Neuroweb/visualpathtblriasma)

Input from the upper visual field is incident on the infemetinal quadrants which
project on to the lower lip of the calcarine sulc$e inferior visual field is
represented on the calcarine sulcus’ upper lip.

The cortical representation of the macula was ingastd by Holmes and Lister in
1916 (1). They mapped the visual field defects of soldietseoFirst World War who
had sustained bullet or shell fragment wounds to theibalccortex.

More recently, retinotopic mapping has been investigated) dsnctional Magnetic
Resonance Imaging (fMRI) (2-4), Positron Emission Torapgy (PET) (5-7),
magnetoencephalography (MEG) (8-11) and the multifocalalievoked cortical
potential (mfVECP) (12-17).

Mapping is non-linear. Information presented to the céntsaal field is processed
by a greater number of neurons and hence a much largerevolivsual cortex than
information presented to more peripheral regions. Thenpmenon is described as
cortical magnification, and corresponds to the superisuali performance of the
central visual field.

There is a significant variation in the positions gfigsulci and different regions of
the primary visual cortex with respect to outward stites such as the inion (18;19).

There is significant variation in how V1 maps aroumel ¢alcarine sulcus (20).
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1.1.7.2.Secondary Visual Cortex

The secondary visual cortex does not exhibit white stugdsn grey matter and is
referred to as the extrastriate visual cortex. lhaught to be responsible for higher
order visual information processing It surrounds V1 (areacli7the medial and
lateral sides of the cortex and are important torttegration and processing of visual
data.

V2 is directly adjacent to V1 and V3 occupies the postgrarietal and temporal
lobes of the lateral surface of the hemisphere. E&cprojects to the contralateral V2
and ipsilateral V1 & V3 and responds to simple propesieh as orientation, spatial
frequency and colour. V3 processes global motion infaomg21) and receives input
from both V1 and V2. V4 cells exhibit length, width, origtidn, direction of motion
and spatial frequency selectivity (22) and shows strotemtadinal modulation (23).
V5 is also known as visual are MT (middle temporal) arttiasight to be tuned to the

speed and direction of motion.
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1.2.  Assessing Visual Function
Assessment of visual function can be performed by agwtion of subjective tests
by the optometrist or ophthalmologist and objective fiometl tests in the

electrophysiology clinic.

Sub-categories of visual function include: acuity, comtrasnsitivity, colour
perception, stereoacuity (depth perception), fixation Eabnd visual field.

1.2.1. The Visual Field

The visual field can be defined as the area of spaceitigaéye can see at any given
instant. The sensitivity of the eye is not constantoss the whole visual field. It
varies with eccentricity, adaptation level and theuratof the test stimulus. The
normal monocular extent of the visual field for a brigtimulus is 60 superiorly, 78
inferiorly, 100 temporally and 60 nasally (24), although this can be affected by
facial contours. The binocular field increases the botal extent of this field to

approximately 200 The clinical recording of visual fields is called ipagtry.

1.2.2. Perimetry

Perimetry was introduced into clinical medicine in 1856 wkien Graefe mapped
scotomas, visual field constrictions and blind spots usinghak board. This
developed to include the use of an arc-shaped arm whihea the full limits of the
visual field to be investigated rather than just thereg¢mtsion.

The boundaries of the visual field can be crudely assessed confrontational field

testing. More detailed information can be obtained upegmetry. Perimetry is the
measurement of differential light sensitivity in theual field using the detection of
test targets. The two most commonly used forms ardikiaed static examination

strategies.
1.2.2.1.Kinetic Examination Strategies

Kinetic perimetry involves a perimetrist who moves airse of fixed size and
luminance from outside the visual field towards the ree@ind plots the point of
detection, to create an isoptre. The involvement of emeérist brings the advantage
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of allowing the test to be tailored to pay particulderdion to a specific region and/or
to adapt the direction and speed of the stimulusitdlsipatient. The disadvantage is
that the test is not standardised and can result iratmpedependent, between-test
differences. The Goldmann perimeter is the most commaséd type of kinetic
examination strategy and employs a bowl of uniform bamkgsd luminance upon

which the moving stimulus is presented.
1.2.2.2.Static Examination Strategies

Static perimetry presents test stimuli of differingarand luminance at a series of
locations on a grid. The luminance is gradually increagadentify the threshold of
visibility. This process is carried out in an automatedifas and it therefore less
sensitive to operator variability than kinetic techniqudsti& perimetry is used to
screen the visual field rapidly.

The most commonly used method is the Humphrey 24-2 or 3@8ad automated
threshold test.

In kinetic and static approaches to perimetry, subjecopsration and input is

required to achieve an accurate visual field map.

The techniques of perimetry are well-refined and establighéteiassessment of the
visual field. This assessment is a crucial tool in dsgmg the presence and
monitoring the progress of many diseases and condisiocis as glaucoma, macular

degenerations and lesions within the visual system.
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1.3. Summary

The visual system, the visual field and perimetric mgstiave been described. The
merits of perimetry have been discussed; however péigrtesting requires the full
co-operation of the patient and at best can only teflacabnormality from a non-
specific part of the visual pathway. For objective eatibn of some forms of visual

dysfunction it is necessary to perform clinical &lephysiology.

In a review of perimetric developments, Wall (25) conctutteat while modifications
in perimetric technology and statistical analysis havevided improvements in
standard differential light sensitivity perimetry, émains relatively insensitive and
plagued with high test-retest variability in damaged fiekls. reported that new
developments appear to be improving on both these coumthammultifocal visual
evoked cortical potential (MfVECP) is cited as one loé thew approaches to

perimetry.
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Chapter 2 — Conventional Visual Electrophysiology

2.0 Conventional Visual Electrophysiology

Electrodiagnostic testing complements the informatoiotained by subjective
measures of visual function. In general, electrophysiotpggs global information on

a particular level or layer of the visual pathway.

Investigations fall into three main categories; theted®culogram (EOG) is a test of
the retinal pigment epithelium (RPE), the electriomgram (ERG) gives functional
information on a number of retinal cells such as thetgreceptors, bipolar cells,
muller cells, and the RPE and finally, the visual evok&edical potential (VECP)

which indicates the integrity and speed with which sigtralgel from the eye to the

cortex.

This chapter aims to review the ERG in brief and the FECmore depth. The ERG
is introduced because of its pivotal involvement in the ldgweent of multifocal
electrophysiology. The VECP is the precursor to the ifoolil VECP, the focus of
this body of research.

2.1 Electroretinogram

The ERG is an extracellular response which arises dmeogonal activity because
localised regions of cell membrane become depolarizelayperpolarized and thus

become sinks or sources of current.

An ERG signal is created when the eye is presentddamisual stimulus, commonly
a flash. The signal acquired is of a characteristapshThe amplitude and latency of
different components of this waveform can be used terae if the ERG response

is normal or abnormal.

The degree of influence of specific cells on the compisnenthe response can be
varied by means of stimulus illumination, background illuation and frequency of
stimulation. Thus, while the response to a flash ditlignder a steady background
illumination (photopic response) will yield information doeninantly from the outer
and mid-retinal cone pathways, a dim flash of light undkmk adapted conditions
(scotopic response) will yield information from the outemd mid-retinal rod
pathways.
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The clinical ERG is a summation of massed dischardargé numbers of receptors.
The standard ERG records the response of the wholbeofetina and does not
therefore detect small focal lesions.

2.2 Visual Evoked Cortical Potential

Human visual evoked potentials were discovered soon afteiman
electroencephalography (EEG). Visual evoked cortical paier{referred to as VEPs
or VECPs) generated in the occipital cortex represeatend of the basic visual
processing elicited by appropriate stimulation of thenaetSurface electrodes placed
over the occipital cortex can be used to detect saedkrical signals when the eye is
presented with a flash of light or other visual stimullise International Society for
the Clinical Electrophysiology of Vision (ISCEV) publesth a standard for the
measurement of VECP recordings in 1996 (26) which was revis&@tbynet al in
2004 (27).

Visual evoked cortical potentials are very small sigr@23V) and a record of a
single VECP response is frequently obscured by superimpelsstirical noise.
Filtering can eliminate some but not all of this noiBene locked signal averaging is
used to improve the signal quality. Data acquisitiosyischronised with the repeated
presentation of the visual stimulus and the recorded Isigma averaged. Sources of
noise such as muscle artefact and extraneous backgraatdcal noise which are
not related to the rate of stimulus presentation saesaged out while the VECP is
reinforced. The ISCEV standard requires that the recostgthl is sampled at a
minimum of 500Hz and that the number of signal averagesld be at least 64.

The first VECP studies were performed using a flash stimaut was observed that
there was a large inter-subject variability in the warms produced. Investigation of
other types of stimulus revealed that a reversing chbecked removed the flash
component of the VECP, since the overall luminandd@®ftimulus does not change,
making it a response to contrast changes. This improvesittiesubject and inter-

subject variability.
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Figure 2.1 A normal pattern reversal VECP response. Taken from Odom et al
2004(27)

Early microelectrode studies of the cellular formatdhe visual cortex showed that
while a diffuse white light will stimulate cells withithe retina and the lateral
geniculate nucleus, it will not stimulate all the celishin the visual cortex. When a
more visually complex stimulus is used, a greater nurabeells will be stimulated,
thus producing a greater measurable potential differenceebetwhe recording

electrodes.

The normal pattern reversal response shown in Figurea2nprises a negative peak
at 75ms (N75), a positive peak at 100ms (P100) and a negative detdoat (N135).
The P100 exhibits the least variability and is therefoeentbst useful parameter.

A further advantage of the checkerboard reversal paidea correlation between the
amplitude of the evoked potentials and visual acuity (28;29henNa checkerboard
pattern of a spatial resolution that cannot be resdbyethe patient is reversed, they
are unaware of any change in the stimulus and no pote&taloked in the visual
cortex. By gradually increasing the size of the checkspoia at which the patient’s
visual system can respond to the stimulus can be igzhteihd used as a measure of

their visual acuity.
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2.2.1 Different Types of VECP

The VECP is commonly defined by the visual content of timeudus and the rate and
mode of presentation used to elicit a response (30). Biffight can be used either as
a flash or a sine wave modulation of light intensitytt®ned stimuli include

checkerboard patterns and sine wave gratings. In all,cdB€Ps can be transient or
steady state. The transient VECP allows the coértEsponse to return to baseline
after stimulation and consists of a sequence of peaMsatcur with a constant

latency after each stimulus. Steady state recordingsilste the visual system at
higher frequency and the cortical response does not ragubaseline. The record
consists of a rhythm of uniform peaks occurring as theedaequency as the stimulus

or its harmonics.

Three of the more commonly used VECP techniques arpathern reversal, pattern
onset and flash.

2.2.1.1Pattern Reversal

Pattern reversal uses a stimulus of black and white cleecgsatings with an equal
number of black and white checks to ensure constant luoenanis the preferred
procedure in most clinical circumstances due to itstively low variability of
waveform and latency both within a subject and throughtimeitnormal population.
The pattern reversal VECP has negative peaks at 75 and 185 ansea positive
peak at 100 msec. The latency of the P100 component shdativelg small
variation between subjects and also shows a very smalbcular range (27). Pattern
reversal is used most commonly in assessment of tbgrityt of the optic nerve and
the objective assessment of visual acuity. The Patte@P has proven to be a useful
indicator of the state of retino-geniculo-cortical petlys. Amplitude decrease and
increased latency have been reported in many pathologioditions involving the

impairment of conductivity along the optic nerve.
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2.2.1.2Pattern Onset/Offset

The pattern onset/offset VECP uses the same pattemalgs as pattern reversal, but
it is abruptly appears from an equiluminant diffuse bawkgd.

The response has three main components. These aregasithponents at 75 and
150msec, and a negative component at 125msec.

It is difficult to deliberately de-focus a transienttean on-set/offset stimulus, making
it useful in patients with nystagmus and in casestdigial malingering (27;31;32).

Both pattern VECPs preferentially stimulate the ceéngrsual field. If there is a
problem with the central retina, the optic nerve maiybve stimulated sufficiently to
produce a detectable VECP signal. In such cases, a flasstioaulate a wider area
including the peripheral retina, testing whether any infolonas transmitted through
the optic nerve.

2.2.1.Flash

The VECP response to flash stimulation consists afmaptex series of negative and
positive waves beginning around 30msec and terminating aroumas800The most
common components are the N2 and P2 components around 90 ansd@(27).
Flash VECP latency is age dependent.

The clinical usefulness of the transient flash VE€Mmited to conditions in which
pattern VECPs cannot be obtained, such as the presemgeadfies in the media
which obscure pattern stimulation or when a patienh&ble or unwilling to focus or
fixate. Variation in the waveform in and between subjgetsciudes its wider use
(30). Responses to flash stimuli are variable acrossctatijat show high inter-ocular
symmetry (27).

The diagnostic process commonly uses complementaygmiation from the electro-
oculaogram (EOG), ERG and VECP to locate and identifyudigsion in the visual
pathway.
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2.2.2 The Limitations of the Conventional VECP

Conventional electrophysiology is objective, less dependanpatient co-operation
than perimetry and can identify the site of dysfunctipe. outer, mid, inner retina
and visual cortex). However, all of the tests describedias result in a global
response to stimulation of a large proportion of the visiedd which limits their
ability to detect subtle or local pathology.

The VECP technique is limited to obtaining responsesitaukition in only a few

field locations within a single session (33).

In an attempt to reveal local visual function withie thisual field, researchers have
suggested that a smaller stimulus be used to evoke aatogsponse (34).

The type of stimulus has varied — small stimulus fi€B%;,35), half fields (36-40),
guadrants (37;41;42), octants (43) and central/peripheral {#4c45).

As spatial resolution is improved the stimulated voluwh#ne visual cortex is reduced
and the recorded signal is correspondingly decreaseligder number of signal
averages is therefore required in order to detect ablelsignal over the various

sources of noise (environmental, muscular and cortical).

When different areas of the visual field are stimuladeduentially, the achievable
resolution and signal to noise ratios are limited by ttivee available to make the
recording. This in turn is dependent on the co-operatioitityaand alertness of the
subject. When considering a test to be applied to eldedsy young or unwell

patients there is an upper limit to testing time, beywhith reliable results cannot be
anticipated.

In addition, sequential stimulation is open to systéretor in spatial registration if

there is an unnoticed movement by the subject.

A method which successfully overcomes these limitatiemghat of multifocal
nonlinear analysis. In 1992 Sutter and Tran published a techniguaulti-input
systems analysis to explore the field topography of E€¥ponses to local luminance
modulation (46). Using a special class of pseudorandom bmasgquences, a large
number of local areas of the visual field are sim@tarsly stimulated. Cross-
correlating the recorded electrophysiological respontetive m-sequence selects the
response of the visual system to each region. Asudt réscalised areas of reduced
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function can be determined. The multifocal technique hasawed spatial resolution
and sensitivity over standard electrophysiology techniques.

The application of multifocal techniques to the ERG (thétifocal ERG or mfERG)
has successfully resulted in clinically useful infatman about local retinal defects in
conditions including retinitis pigmentosa (47;48), retinainvocclusions (49-53),
glaucoma (54;55), diabetes (56;57), Stargardt’s (58;59), retiraity (60-62) and
has been extensively incorporated into clinical pra¢68e64).

In 1994 Baseler et al (12) applied multifocal techniques toVIBEP allowing an
electrophysiological map of the visual field to be ated| by using a stimulus
containing multiple checkerboard patterns.

Since then clinical uses of the mfVECP have expandedimciude the study of
glaucoma (14;19;65-82), optic neuritis and multiple sclerdsk;73;83-86) and
amblyopia (87).

The development from full-field to multifocal VECP mars the advance from full-
field to multifocal ERG, but is more technically challewgy mfVECP signals are
smaller than MfERGSs, the sources of noise are momglex and more difficult to
separate from the physiological signal of interest tiie geometry of the visual cortex
is considerably more convoluted than that of the retiees& factors combine to
make the waveforms within a trace array more heteragenand the between subject
variability far greater than that seen in the mfERG & result, there remains
necessity for optimising the recording parameters during datuisition and the
analysis mfVECP data.

2.3 Summary

Conventional electrophysiology has been introduced vmphasis on the VECP. The
advantages and limitations of the VECP have been dsdumsd the mfVECP has
been introduced as a means of overcoming some of its dcagaib
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3.0. Introduction
This chapter describes multifocal electrophysiology,udises the requirements for its
acquisition and reviews the application of multifoedhniques to the visual evoked

cortical potential.

3.1.  Multifocal Electrophysiology

Conventional electrophysiology records a global respdmsa the retina or visual

cortex in the case of the electroretinogram (ERG) swrally evoked cortical potential

(VECP), respectively. Multifocal electrophysiologymsiltaneously stimulates many
small areas.

Stimuli with as many as 241 regions have been used (46)héundst commonly

used stimulus uses 61 regions, obtaining 61 local respoAsasnapshot of the

stimulus with 103 regions is shown on the left hand sideigure 3.1. Each region

stimulates a small, local area of the retina, evpkia own response. The array of
waveform responses is shown on the right hand siéeafe 3.1.

The Multifocal ERG The Multifocal ERG
Stimulus Response

Figure 3.1A snapshot of the multifocal ERG stimulus is shown on the left hand side
with 103 regions. 103 corresponding waveform responses are shown on the right.
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3.1.1. How the Multifocal Technique Works

The multifocal technique employs a stimulus with migtipegions, each of which
flashes or goes through a pattern reversal in ordeimalate small, local areas of the
visual field. The behaviour of each region is controldgda binary m-sequence (46).
Binary m-sequence inputs are white-noise inputs with a baraplitude distribution.
Each region is controlled by the same sequence whighifted in time. This shift is
1/kth of a stimulation cycle, whelteis the power of 2 nearest to, but larger than, the
number of stimulating regions. The time shift rendess shifted and original m-
sequences orthogonal.

Linear systems can be completely described by their resgoran impulse function.
The visual system however, is non-linear. Binary m-seqeace a special class of
pseudo-random binary sequences and their properties make tledoh fos the
analysis of non-linear systems. When properly gengrateset of m-sequences are
orthogonal and this property allows the selection #sponse to an individual region
of the stimulus to be selected from the recorded sigbaleful selection of the m-
sequence means that the presence of nonlinearitiesedann in between first order
responses. Appropriate selection of m-sequences has texassed by Irelanet al
(88).

3.1.1.1.Binary m-sequences
Binary m-sequences have the following characteristic8938;
« The period of the sequence 82 where m is the order of the polynomial.
» Each m-sequence contains one more 1 than 0.
« An m-sequence can be ‘decimated’ infac@lumns (A1Z). Each column then
contains a shifted version of the initial sequence. This attis as a time delay
which renders the focal response uncorrelated. ‘Sequ=ai@ation’ is a
term used in a specific sense in multifocal techniquddsadefined in Section
3.1.1.3.
» Shift and add property: the sum of any two distinct shifsnom-sequence is
a third shift.
* An m-sequence has the ‘window property’: ampit word appears once and

only once.
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3.1.1.2.Generation of m-sequences

A primitive polynomial of ordem will produce an m-sequence of length2(90). A
linear-feedback shift register (LFSR) can be used for segugeneration. The
feedback or ‘tap’ positions are determined by the ternthefpolynomial. The bits
present in the tap positions are combined using exclusiveXOR) logic or modulo
2 addition. This operation creates a new bit which iseshiitito the left hand side of
the register. The bit that was previously in thén position (right-most position) is
shifted out and forms the first term of the m-sequefite. generation of am=4 m-
sequence of length®A = 15 using the primitive polynomial*#x+1 is shown in
Figure 3.2.

Practical m-sequences are formed using higher degree paglsoCommonly 15-bit
m-sequences are employed using a primitive polynomial such as
XPHx PP +xC+x3+x+1. This creates am-sequence of length’21 = 32767

steps.
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Primitive Polynomial x *+x+1
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Figure 3.2 Primitive polynomial %x+1 has tap positions atband x. The LFSR can
be filled with any non-zero seed patteti10 has been chosen here. The XOR
operation creates a new bil, which is fed into the rightmost register. The original
bits are shifted left, pushing the leftmasiut. This bit is the first step of the m-

sequence. The process is repeated to generate the full 15-bit sequence.
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3.1.1.3.Creating Orthogonal M-sequences or ‘Sequence Decimation’.

The multifocal stimulus requires a set of orthogonajuséces to control the
behaviour of its multiple regions. This is generated locgss called decimation. The
original m-sequence is used to fill the rows dfdlumns, where[iZ and n>0. This
procedure is repeated until each column is of lenfth.ZEach column contains the
same sequence with a different starting point. Thee@v, shifted m-sequences create
an orthogonal set and can be used to control up"teegions of a stimulus
independently. This is illustrated in Figure 3.3.

Sequencel01011001000111
Coll Col2 Col3 Col4 Coll Col2 Col3 Col4
1 0 1 0
0
0

P O O
=
P P PP PO OOPRFP OOUGRFR P OB O
H
o

O O 0O Fr O O FR R O RFP O FP R
P O Fr © p B P oo o r oo
P O o P Pk o r © rr rr PP oo

Figure 3.3Decimation of the 4-bit m-sequence generated in Figure 3.2,
101011001000111. The sequence is used to fill the rows from left to right asshow
the left hand side. Once the sequence has run out, the processaiededde red
indicates the beginning of the sequence. This process is repeatedcintifehe four

columns contains 15 entries. Each column now contains an orthogonal m-sequence.

Throughout this thesis, the word ‘decimation’ and its \a@gives will be used in

relation to the process described above rather thaoitventional meaning.
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3.1.1.4.Stimulus Control

An example of the stimulus used in the mfERG is showhigure 3.1 above. Each
hexagonal region alternates between black and white. [idnaation of each hexagon
is controlled by one of the set of orthogonal m-seqaenWhen the sequence is a 0,
the hexagon appears black. When it is a 1, the hexagon spy&te.

During the recording of multifocal pattern ERGs (55) anfYBCPs, instead of
controlling the luminance of a region, the m-sequencebeamsed to control a pattern
reversal. A O in the sequence indicates one stategfatiern or checkerboard and a
1 is its reversal, as illustrated in Figure 3.4

E m-sequence state = 0

E m-sequence state = 1

Figure 3.4lllustrating the control of a pattern reversal by the m-sequence.

Commonly the rate of stimulation is 75Hz, as determineth&yrame rate of the

cathode ray tube. In this case, the m-sequence advancegliteach step every
13.3ms.

3.1.1.5.Cross-correlation

The visual system is simultaneously stimulated by tHérdnt regions of the
multifocal stimulus and the electrophysiological datguired from the visual system
is a composite of responses to all these regionss@arselation of the recorded data
with each of the orthogonal m-sequences is the prologswhich responses to
individual regions are calculated.

First Order Kemei Figure 3.5Cross-correlation of a

Sign Flash Sequence Rasponsa

¢ 0-0 N\~
) @ - . “"—'—' responses to a flash stimulus minus
ty

first order response in the mfERG can

be described as the addition of all

the sum of all the responses to a dark

t:u stimulus region.

49



Chapter 3 — Multifocal Electrophysiology

The process of cross-correlation is illustrated byfiise order schematic diagram in
Figure 3.5. The hexagonal regions used in the mMfERG ardarsédstration.

The first order kernel is the sum of all responses ttash minus the sum of all
responses to a black stimulus region. When each flasliroa fixed length of the
recorded data, starting at the beginning of the flashddedto a memory buffer. At
the beginning of each off-state, or black hexagon, tmeesduration of data are
subtracted from the memory buffer.

In contrast to conventional electrophysiology, the tlonaof the added data segment

is longer than the inter-stimulus interval.

Computational effort required to perform the cross-cati@h can be significantly
decreased by the use of a Fast Walsh Transform (91).

3.1.1.6.First and Second Order Responses

The multifocal technique can calculate the correlatoffecient not only between a
response and a single flash or pattern reversal, butbelseeen the response and
pattern of stimulus behaviour over a longer period, by ureagshigher order kernels.
The ordern of the response indicates the number of steps or jpaseds in the
stimulus pattern. The response to a particular stinpdtiern is called a kernel slice.

The first order kernel of the system is the bestalingrediction of all the different
impulse responses produced by the system (i.e. the cloaé&st to the linear impulse

response).

The second order kernel is the sum of all responsasctange (black to white and
white to black), minus the sum of all responses when negehi the stimulus region

occurs (black to black and white to white), as shown in FigLge

50



Chapter 3 — Multifocal Electrophysiology

Second Order Kemael First Slice

Sign Flash Seaquenca Reasponsas

=

1}

Figure 3.6 The second order response of the mfERG is the addition of all resgonse
a change in luminance minus the sum of all responses where there is noichange

luminance.

The second order kernels can be thought of as a measiewothe multifocal
response is influenced by the adaptation to successivedlasimore mathematical
description of kernels is given by Sutter (92;93).

The first slice of the second-order kernel measureseffect of an immediately
preceding flash, while the second slice of a second-&eteel measures the effect of

a flash two frames away, and so on.

When the stimulus regions are checkerboard pattemdymhninance in each region is
constant and the response of the visual cortex is evokewntrast reversals of the
pattern. The occurrence of a reversal is dependenteochéétkerboard pattern in two
frames and it is therefore necessary to look at tkenskorder kernel in order to

retrieve the visual evoked cortical response.

3.1.1.7.Linear and Non-linear Systems

If a system is linear, its response to a series efntsvis the same as the superposition
of the responses to individual events occurring in iglatThe visual system is,
however, non-linear. The response to a stimulus asetiterefore, dependent on the
events immediately preceding it. For example, an mfE&ponse to a flash depends
on whether the base periods immediately preceding i @Wsror 1s. A series of 1s
will depress the response. The non-linearities of the Mssisbem can be investigated
by cross-correlating higher order kernels of the muafaesponse.

51



Chapter 3 — Multifocal Electrophysiology

3.2. The Multifocal Visual Evoked Cortical Potential

The application of multifocal techniques to the visual kexb potential was first
performed as a means of monitoring the direction of gaiee severely handicapped,

rather than as a means of detecting local variatioW&CP topography (94).

Pseudorandom binary sequences (PRBS) have been used to dhvéeluency
(500Hz) flash stimuli to improve the sensitivity of thh@sh VECP. These were found
to have the same morphology as conventional flash \#E&3# suggested that the
PRBS VECP is more sensitive than the pattern VECHemsdsensitive than the flash
VECP (95).

In 1994 Baseler and Sutter focussed on the multifocal VBER diagnostic tool.
Since then the use of mMfVECP as a means of detedta] Variations in VECP

topography has been developed.

There are several major differences between theR@ftand the mfVECP, which
include the type of stimulus used and the kernel of data wieiedals the most
diagnostically useful information.

3.2.1. Flash/checkerboard

As discussed in section 2.2.1 on the standard VECRsh @f white light is not the
optimum stimulus to use to evoke a response from thealisortex. Instead, a
checkerboard pattern is used. For this reason the mflER@Glgs which uses a series
of flashes, is not appropriate when attempting to recordN4ECP. Instead, the
checkerboard pattern is commonly incorporated into a sefieglependent regions
of a circular checkerboard pattern.

3.2.2. Cortical Scaling

The size of the hexagons in the mfERG stimulus varids @ccentricity in order to
achieve signals of similar amplitude and signal to no&® in response to the
stimulus presented by each hexagon. The size of the hexagsceded to match the
density of photoreceptor cells across the visual field.
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Similar scaling is necessary in the mfVECP stimulusyéner, instead of scaling to
photoreceptor density, cortical magnification is usBlde magnification in humans
has been studied by Horton and Hoyt (96).

They correlated structural magnetic resonance scama fatients with clearly
defined occipital lobe lesions and homonymous field defddis allowed them to
create a map of the human striate cortex indicatingosecwhich respond to stimuli
in a given part of the visual field. It was confirmed ttis central retina, which is
more densely cellular and specialised for best visuatyahas a relatively expanded

representation in the striate cortex.

They determined the linear magnification factoli,dd or number of millimetres of
cortex representing°lof the visual field at any given eccentricity,i¥, has units of
millimetre per degree, has been found to be inversely piopal to eccentricity, E,

and is given by Equation 2.1.

173
linear — E+—O75 Equation 2.1

The use of cortical scaling in the mfVECP stimulus wiest fintroduced used by
Baseler and Sutter (12).

3.2.3. The Dartboard Stimulus

Figure 3.7 shows the dartboard stimulus.

Figure 3.7 The mfVECP Dartboard Stimulus

It has been observed that the waveforms obtained dhaedy above and below the

horizontal meridian differ significantly and are coomly inverted. A region
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straddling the horizontal midline would evoke responsdsotti polarities and result
in signal cancellation, which could be confused with laseace of signal. Therefore,
there are no stimulus regions which straddle the hotagoneridian.

Each region contains a 4 x 4 checkerboard pattern whigrses according to a
binary m-sequence. Each region has a probability of 0.&\@rsing during each

frame.

During a pattern reversal of a checkerboard, there isclenge in the mean
luminance. As a result, there is no first order kemesponse to a change in

luminance.

The change in stimulus does, however, give rise t@@nskorder component. This is
recorded in the multifocal VECP to pattern reversatslation.

3.3.  Multifocal Electrophysiology Recording Systems

As multifocal electrophysiology has developed, a numlbee@rding systems have
become available. The first commercially availablstessn was VERIS, developed by
Sutter and colleagues, which has been used in many labesaand clinics around
the world. Subsequently other systems have come oe todhket.

The ElectroDiagnostic Imaging Unit in Glasgow has aamsbuilt system. This has
been used extensively for both clinical and researcphgses (64;97-101). It will be
referred to as the EDIU Multifocal System throughout thesis.

This thesis employed both the EDIU Multifocal Systerd a modification of it which
used active electrodes (BioSemi, Amsterdam, Netherlafuis)acquisition. A
description of the EDIU Multifocal System is given éebata presented in Chapters
3, 4 and 5 were recorded using the original EDIU Multifo8gktem. A detailed
description of the modification process can be foundhapfer 8. Data presented in
Chapter 7 was acquired with the modified system.
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3.3.1. System Hardware and Software

There are many similarities between the recordingudfifmcal and conventional
electrophysiology. Basic requirements common to bathelactrodes, amplifiers,
filters, stimulus display and a computer. Figure 3.8 shimiWeck diagram of the

necessary components.

Electrophysiological
record from patient

measured with

electrodes.
Computer Control
Synchronisation of ADC Main Pre-
Stimulator and Data [ ~ | amplifier [T | amplifier
Acquisition

Figure 3.8 The hardware required for a multifocal electrophysiology system. Adlapte
from (90).

3.3.2. Computing Hardware and Software

The EDIU Multifocal System can run on any modern dgsktomputer running a
Windows operating system. The software is written @lpbi (Borland, USA) and
basic assembly programming. In order to create the tsna graphics card (VSG -

Cambridge Research Systems, UK) is used.
3.3.3. Stimulus Display

In the experiments described in this thesis, the stimidudisplayed on either a
cathode ray tube (CRT) monitor or back-projected on s&craen using an LCD
projector. Other modes of stimulation have been emgdloye multifocal
electrophysiology including LEDs (102), scanning laser ophthsdwpes (98) and
virtual reality shutter goggles (17;103-108). Different modestiofulus display are
discussed in more depth in Chapter 6.
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Unless stated otherwise, the stimulus was presentettequency of 75Hz. A steady
background luminance filled the periphery of the display @awcentral cross was used
to maintain fixation. The stimulus subtended a hendifiangle of 41, and the

subject’s eye was at a distance of 30cm from the screen.

3.3.3.1.CRT monitor

A high luminance CRT monitor was used (Richardson Elaatso UK).

3.3.3.2.LCD Projection system
A Sharp XG NV4SE LCD projector was used.

The stimulus is displayed by back-projection on to a scoemtaining micro light
diffusing optical lenses. This screen achieves a mega #lumination than standard

back projection techniques. The maximum illuminatiorhef$creen was 1500cd?m

3.3.4. Stimulus

The stimulus used was a dartboard pattern scaled fticaiomagnification and is
shown in Figure 3.7. Each region contained a checkerbodaedrpathe checkerboard
pattern in each region reverses according to a binasgquence. A central cross was
used to maintain fixation. The recording period compris¢éenmls of 30-seconds.
When a 15-bit m-sequence is used, this results in a totaidieg time of 8 minutes.
Between each 30-second interval, the subject is allowerest for a few seconds,
allowing better fixation during the recording time. The emgence is guaranteed to
be orthogonal up to the third order kernel for 512 sampld2oms.

The dartboard stimulus used throughout this thesis hasg6, nmth radii of 0.40,
1.20, 2.90, 5.20, 8.70 and 13.75 cm when the whole stimulussigl2&.5 cm. For a
FOV of 20 this translates to rings subtending®0.6.8, 4.4, 7.84, 13.0 and 20.0

of eccentricity.
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3.3.5. Electrodes

The original EDIU Multifocal System was designed to wtandard Ag/AgCl
electrodes.

Ag/AgCI electrodes require skin preparation via mild abrasind are fixed in place
with conductive paste.

The modified EDIU Multifocal System used active eledes (BioSemi, Amsterdam,

Netherlands). These were held in place with a headcHp legators in the 10-20

locations. Each electrode contained an amplifier. @haplified signal was then

communicated to the acquisition computer via an optichlleca his is designed to

reduce noise and signal loss. It obviates the needkifopseparation which allows the

application of a higher number of recording electrodestimescale acceptable to the
volunteer.
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3.3.6. Amplifiers

In the original EDIU Multifocal System a preamplifier used to provide an initial
amplification of 100. This reducethe extraneous noise femvironmental sources
and provides electrical isolation of the patient by tbe af an opto-isolator chip. This
has the additional benefit of improving signal to noiggrhy interrupting ground

loops and eliminating capacitance problems.

The original EDIU Multifocal System’s amplifiers weerdesigned and built by the
Department of Clinical Physics and Bioengineering’s Efeuts Section.
Specifications are given In Table 3.1.

Common mode rejection ratio 125dB (pre-amp + amp), 170dB (main
(CMRR) — balanced amplifier)

85dB (pre-amp + amp), 160dB (main

CMRR unbalanced (P P N P) (
amplifier)
Noise 1V peak to peak (0.1Hz -100HZz)
DC-700Hz (IA296@ 1kHz = signal 1kHz
Bandwidth _
filter)

DC restoration +500mV
Calibration Pulse 15.251Vv

Table 3.1Amplifier specifications.

A gain of 100,000 was used during recordings.

3.3.7. Analogue to Digital Converter (ADC)

Analogue signals are digitized using a 12-bit ADC contaioed a National
Instruments NB-MIO-16 board. A sampling rate of 1200Hz wsed. This satisfies
the following requirements; the stimulation rate mustsparse in comparison to the
sampling rate (93); that an integral number of sanmgulesicquired during each base
period in order to avoid aliasing problems (93) and samplirgy matst be at least
twice that of the highest frequency component expdob@d the input signal.

The maximum operating range for the NB-MIO-16 is £5V.
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3.3.8. Subject Preparation

Prior to recording mfVECPs, the nature of the test im@urpose was explained.
Subjects were asked to fixate on the central cross aedd®avour to avoid blinking
while the stimulus was running. Subjects were reassureditimt blinks would not
render the recording un-useable, in order that they redaielaxed. Subjects were
seated comfortably in front of the screen with the reeof the screen level with their
eyes. All subjects were refracted optimally usingrtleevn spectacles. Pupils were
undilated. Each run was split into 30-second overlappingrvats. Subjects were
encouraged to use the time between recording intervdibntoand relax their eyes.
All recordings were monocular. The eye which wasumater test was covered with a
patch.

3.3.9. Signal analysis

The EDIU Multifocal System software was used to crasselate the first slice of the
second order response of all mfVECP recordings.

Manipulation of data formats and data analysis was padgd in custom-written
Delphi programs and Microsoft Excel and is describedter lsections.
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3.4.  Summary of Investigations to Date

Initial investigations into the multifocal visual evoked temal potential resulted in
pessimistic conclusions. In 1994, Baseétral concluded that variability among

normal subjects would make the mfVECP unsuitable foradirfield testing (12).

The relative contribution from different visual areas the full-field VECP is
dependent on the individual cortical anatomy as wellthees particular stimulus
characteristics and electrode positions (109). The ematof the primary visual
cortex exhibits wide intersubject variability (110). Furthere, extrastriate areas also
contribute to the VECP. It is therefore not surprisihgt there is wide variation in
VECP results.

Despite this, development has continued, with morewaging results.

3.4.1. Investigations of Recording Parameters
3.4.1.1.Electrode Positions

In 1998 Klistorner, Graham and co-workers turned their @terio the electrode
placement used to record the mfVECP. They found thatdneentional occipito-
frontal electrode placements, recommended by ISCEV #©CF recordings, favour
the lower field response (111). This is most likely due eodbmplicated anatomy of
the retino-cortical projections and the convoluted stinecof the visual cortex.

Several other electrode placements have been sugdgedbathnce the difference in
upper and lower hemifield waveform amplitudes (16). Howevariations in the
visual cortex result in a large variation in the wavefs obtained from different
individuals, regardless of electrode placement. It daerefore be difficult to

distinguish between small normal responses and an abhasponse.
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3.4.1.2.Dichoptic Stimulation.

The majority of mfVECP investigations record responsesiauaularly, in keeping
with the approach taken for the full-field VECP, howewhchoptic stimulation

(presenting different images to each eye) has been igatest.

Arvind et al (103) found that the amplitude of responses to dichoptiaktran was
suppressed compared to monocular stimulation but that tlppression was
minimised by increasing the sparseness of stimulationegat al (104) found that
the level of suppression compared to monocular stimulawvas greatest when a
contrast reversal stimulus was used rather thanreits®w or rapid pattern pulse or

temporally sparse stimulus.

3.4.1.3.Investigations of Stimulus Parameters

The multifocal VECP remains a relatively new techniguelie objective assessment

of the visual field. Currently there is no ISCEV stadfar the mfVECP recording.

A cortically scaled multifocal dartboard IS commonly
(12;14;33;70;71,;79;83;85;109;112;113), but not exclusively (11;17;114;115) used.
The dartboard regions increase in size from centre tphseyi according to human
cortical magnification, with the aim of maintaining wnriinly sized responses
throughout the tested field (12).

3.4.1.4.Stimulation Rate and Mode of Stimulation

Fortuneet al have shown that significantly slowing stimulation ratereases both
amplitude and latency of mMfVECP responses (109). Martinkl6) and
Balachandran’s (117) work suggest an increase in responstuai@pVith decreasing

stimulation rate.

The Pattern Pulse stimulation was introduced by Jashes (17). It consists of a
cortically scaled checkerboard pattern in which regiagesedther active or inactive.
When inactive, a region is the mean luminance of ak&hv®oard and when active, a
region has a pattern present for one frame (1/75thnd¢cand is considered an
impulse of contrast against a zero-contrast baselinewlsts onset intervals were

pseudorandomly distributed between 0.4 and 0.6 seconds. &kisampared to a
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‘conventional’ multifocal visual evoked cortical potentisding contrast reversal. A
significant increase in response amplitude was achieviike response topography
was maintained. It is argued that the response to comatilagts as a function of the
preceding stimulation and that the zero-contrast vatetasting on average 0.5
seconds allows the system to recover its maximalrasinsensitivity. Longer inter-
stimulus intervals were tested but no further amplitudeeases were seen beyond
500ms. Increases in amplitude were approx 15-fold, howegesiginal to noise ratio
(SNR) was not improved to the same extent. The SNRHe same duration of
recording with Pattern Pulse stimulation compared tdrastreversal increased by a
factor of 1.94. This reflects the larger number of stusupresentations with the
contrast reversal pattern and the correspondinglyristemdard error in the responses
(17;103-108).

The use of contrast-reversal stimuli is an estaldisstandard for clinical evaluation
of the integrity of the visual pathway (118;119).

In a comparison of the effects of pattern-onset pattern-reversal stimulation,
Hoffmanet al (120) hypothesised that the former would stimulate extrate cortex
in addition to striate and would therefore have a dfferresponse topography to
pattern-reversal stimulation which is thought to exsitgate cortex alone. This was
not borne out by their experiments. They did howevscalier a difference in the
dependence of the SNR of responses on eccentricigy.c&htral visual field had a
greater SNR response to the pattern-onset stimulud) thie pattern reversal
stimulation eliciting a greater SNR response peripheral

3.4.1.5.Check Size

Baseler and Sutter have investigated the effect of cheekosizhe mfVECP. The
number of checks per patch was varied from 4x4, to 2x2 amdsts were carried out
under low (13%) and high (95%) contrast conditions. In lakes, the amplitude
response of the waveform improved when 4 or 16 checkswgerk over 1 check. No
further distinction was made as to whether 4 or 16 cheeks better. This proves
that a checkerboard pattern is an improvement ovaurrtiierm region colour (13).
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Martinset al (116) varied check sizes in blue-yellow mfVECPs and foumdnpact
on response latencies. Subtle differences in amplituelee ween at central field

locations.

3.4.1.6.Effect of Defocus

Central responses are affected by defocus to a greaést éxéin peripheral regions.
Since the central stimulating regions have a higheliadde¢quency, they are more
susceptible to blurring effects. This means that the mfVisGRfected by defocus to
a greater extent than the mfERG, which has lower apfquency and has been
shown to be invariant over a range of optical defo¢u8.0D to +6.0D (121;122).

3.4.2. Approaches to Data Analysis
3.4.2.1.Summation of Signals

In order to increase the signal to noise ratio (SR)yesponses when individual
responses are noisy or too small to distinguish dedhilsterest, it is common to sum
local groups of waveforms. In the case of the mERGugirg is commonly

performed according to eccentricity. Klistorner & @Gaan (79) proposed grouping
mfVECP waveforms in sectors. It is important to makee that summation only
occurs over locations which contain similar waveforifisis is straightforward with

MfERG records where the normal response contains mmifcaveforms throughout.
Where traces are markedly different, cancellation @macur and information will be
lost rather than revealed.

While increases in SNR are advantageous, the pay-ofb&saf spatial resolution.

3.4.2.2.Interocular Comparison

As mentioned previously, individual differences in cortiaabhtomy contribute to a
wide variation in mfVECP responses. Furthermore, inspectib the mfVECP

response shows variation in amplitude, latency and feavethroughout the trace
array. Comparison of responses to left and right éyeukation, however, shows a
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similarity between corresponding signals. This suggésa$ underlying cortical
convolution plays a significant role in the variationwaveforms seen within a trace
array and between healthy individuals (71). Although pointthénvisual field are
incident upon different hemi-retinas of the two eyesythroject to cortical locations
that are within a few hundred microns of one anotheerdfre, the mfVECP should
be the same from both eyes when the optics, retindepathways are functioning

equally well.

In 2000 Grahanet al (71) and Hoodet al (33) introduced the idea of interocular
comparison. This has successfully been used to overtwmmestrictions imposed by
intersubject variabilityand has improved the sensitivity of the mfVECP in detgcti
monocular visual field defects. The disadvantage of ghigaach is that it will be
incapable of detecting bilateral visual field defects and datheyefore be used in
isolation. However, early signs of conditions suchoaalised ganglion cell or optic
pathway damage are unlikely to be identical in the tempetia of one eye and the
nasal retina of the other.

3.4.2.3.Normalisation to EEG

Klistorner and colleagues observed a correlation betwseotroencephalogram
(EEG) activity and the amplitude of the mfVECP respoii&3). EEG signals were
qguantified in the frequency domain after ECG and high atplgghm contributions

were removed and used to scale the mfVECP responsereBhited in a decrease in
the interindividual variability of response amplitudes afitectively removed the

systematic difference seen between male and fenfE@# responses.

3.4.2.4.Dipole Source Localisation and Magnetoencephalography

The multifocal technique has been applied to the acquisibib visual evoked
magnetic fields. When the brain is stimulated, ionic exnts flow in the dendrites of
neurons as a result of synaptic transmission. In dacge with Maxwell's equations,
any electrical current will produce an orthogonal magnéé&ld. These magnetic
fields are measured in magnetoencephalography or MEG. Téet@stare SQUIDS
or Superconducting Quantum Interference Devices which me#simagnetic fields
at the surface of the scalp.
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In both MEG and multichannel electroencephalogram (EEBprdings, advanced
signal processing techniques are used to estimate theolocdtihe activity’s source
from data recorded from a large number of locations ¢&fyl 32-156). Unfortunately
there is no unique solution to dipole localisation andathedytical methods used are
themselves a subject of research that cannot be ddtliyessed in this thesis. One
approach is to use prior knowledge of the sources of bdimity. Another is the use
of independent component analysis. Generally, locaisatlgorithms operate by
successive refinement. The system is initialized witinsh approximation. A loop is
then entered, in which a forward model is used to genénatenagnetic field that
would result from the current approximation, and the appration then adjusted to
reduce the difference between this estimated field ardmbkasured field. This

process it iterated until convergence is achieved.

Dipole source localisation has been performed on focétl VECP data (124) and the

findings were in keeping with classical models of visigatex organisation.

Wang et al (11) were the first to report the acquisition of nfattal visual evoked
magnetic field recording (mfVEFs) in 2001. They carried automparison of
mfVEFs and mfVECPs from a square, 64-region stimulus awestigated the
maximum eccentricity at which they could be recorde@ MAVEF was recordable at
greater eccentricity with larger checksizes, increashg amplitude of eccentric

responses.

Tabuchiet al 2002 (10) use the VERIS system to create a dartboardlgsinvith
four independent quadrants. 16 of their MEG system’s 160 chaweeésused for
data acquisition and cross-correlation. They comparedvagui current dipoles
determined by MEG source localisation with the locasoggested by the cortical
magnification equation proposed by Horton & Hoyt (96) andctheiform model and
found good agreement.

Nishiyamaet al 2004 (8) used a higher resolution stimulus with 48 independent

regions. Once again, good agreement with the crucifordehwas observed.

Owakiet al 2004 (9) investigated human stereoscopic vision. The stimmohssted
of four random dot patterns. The results were not astieors expected, but the
study indicates the successful initial application afitifocal visual stimulation to

MEG recordings.
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Chapter 3 — Multifocal Electrophysiology

When compared to other functional neuroimaging techniqué&s; ind VECP can
provide temporal resolution that is superior to functionadjnetic resonance imaging
(fMRI), positron emission tomography (PET) and singletphaemission computed
tomography (SPECT). The disadvantages of MEG includeoitsparative scarcity
and expense and the fact that its algorithms are lekdynaccepted than those of the
aforementioned techniques. In comparison with EEG, MEKfBats are relatively
undistorted. When compared to the type of electrophysiadggtem used throughout
this project, MEG recordings are performed on a more ®mpgostly scale. They
provide additional information about the source of actiwtlgich is not directly
considered in mfVECP recordings.

3.5. Summary

Improvements in the spatial resolution of visual electrsjhygy are achievable
using multifocal techniques. The theory behind the appdinatof multifocal
techniques has been discussed, the more commonly useddmettstimulation have
been described and the technical requirements for acquibitive been detailed. The
merits of the mfVECP are compared with those of fismetl neuroimaging and
magnetoencephalography.

Recent areas of technical development in the mfVEGQR baen reviewed. However,
in light of the very small signals involved and the ctexjy of the visual cortex
from which they are measured, there remains a necéssitptimise the methods of
mfVECP stimulation, their detection and the mannemimch recorded data are
assessed.
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Chapter 4 - Quantifying Multifocal Signal Quality

4.0 Introduction

This chapter discusses common approaches to quantifying sigrdity and
introduces a new approach which makes use of orthogorsdqoences that are
unused by the stimulus. It aims to:

* Validate the new approach against the commonly used methaingfa delayed

time window in the cross-correlated mfVECP signalrasstimation of noise.

* Demonstrate the utility of the new metric is usefuiwboth robust mfERG and

smaller, noisier mfVECP signals by using it

o to compare mfERG signal quality between acquisitions maitle
DTL and gold foil electrodes and

0 to compare improvements in mfVECP SNR with increasing
sequence length against the theoretical improvementfadtar ofv?2

for each increment.

4.1 Why is the Signal to Noise Ratio Important?

The perfect recorded signal would be a true representati retinal or cortical

response to the visual stimulus alone. In reality treee a number of unwanted
contributions to the signal. Common to both the mfERG mfVECP are the

presence of electrical noise from the environment ansclawactivity. The mfVECP

also contains contributions from cortical activity suas alpha waves that are
unrelated to visual processing. The mfERG contains noiséodege movements and
blinks.

During a standard ERG or VECP recording, data are acquiredtime period longer
than the physiological response. Once the responsenglei®, the record provides a
good representation of noise.

This is not the case for a waveform produced by the -@asslation of the raw
electrophysiological signal with an m-sequence. Croslated responses are
typically displayed over 100-200ms, while the base periodstahulation is
commonly 13.3ms.
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For a second order response, the response is a sumimgst responses to a pattern

reversal minus the sum of all responses when thee gmttern reversal.

This is achieved by selecting data epochs of 256 or 512 sa(@p@or 427msec) in
length, beginning from the start of each base period. hviths sample there will be
16 (or 32) frames. With the exception of the first twotld 16 (32) frames, the

remaining pairs of frames may or may not provide a patex@rsal, at random.

Data are selected for addition or subtraction basedtather there is, or is not, a
pattern reversal at the beginning of the data intervad. @ehaviour of the stimulus in

the remaining 14 (or 30) frames will vary, but will beavaled.

To illustrate: The cross-correlation process requires addition of all epochs
beginning with a pattern reversal and the subtractiall @pochs that begin without a
pattern reversal. Let us consider these epochs to fall sategory A or B,
respectively. If we consider a later base period.aBP, within the epoch, in some
cases this will be a pattern reversal and in othexdlinot be. The number of pattern
reversals at frame BRre that fall into category A will equal the number tfalt into
category B and their impact on the cross-correlategefoam will therefore cancel.
The same is true of occasions where there is no chdrisgate. Where an m-sequence
is properly selected for the length of data epochwfhiide true for all frames beyond

the first two.

In situations where the selection of m-sequence tisappropriate or sections of data
are missing due to blinking or lack or subject co-operationcedation may be
incomplete and will show waveforms reflecting the hadar of the visual system
after the first frame of the epoch. This is refereds contamination of the signal and
can appear superimposed on the signal window, or at aifaeewindow within the

cross-correlated response.

Just as signal averaging will reduce the noise contobuin a conventional

electrophysiology recording, due to the random nature sknthe process of cross-
correlation will reduce the impact of any noise comnttidn that is uncorrelated with
the m-sequence. As with conventional techniques, noisethartotally removed.

When testing patients there will be cases where tlgee lack of response. It is
important that the recording set up is sufficiently rakibat we are confident that the
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lack of a recognisable waveform is due to a lack of regpoather than an excess of

noise.

A number of different approaches to quantifying signal quabtye been employed in

multifocal electrophysiology. These are as follows:-
4.1.1 Peak to Trough.

Records with peak to trough values that are less thanteaian value could be
rejected. However, when signal free mfVECP recor@scantaminated with alpha
waves or high frequency noise, it is possible that tla pe trough value will exceed
the criterion (125). Peak to trough measures are usefUBR@ recordings.

4.1.2 mMfERG Scalar Product.

MfERG responses exhibit less inter subject variabiigntthe mfVECP, and uniform
waveforms throughout the trace array. This allows dasgaoduct measure to be
used (46). A template is created by defining a time windol) (@hich contains the
relevant response components and the template, grisatised over this window
(Equation 4.1). The dot product of an individual waveforymwith an ideal response
is calculated to give the scalar product, (kquation 4.2). Increases in latency or
reductions in amplitude result in a reduction in theasgadoduct value.

t = ] S - 1{5} Equation 4.1
Ses b v
Loty 2

A =1 oet= Zb:(rk)iti Equation 4.2

4.1.3 Latencies and Amplitudes

Latencies and amplitudes have been used to quamifyECP records

(67;76;109;126;127). These are good where the waveis constant throughout the
trace array, however, this is not always the cé8een dealing with large quantities of
data, finding the appropriate waveform charactierwh which to define a latency or

amplitude value can be impractically time consuming
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414 RMS

The root mean square of the record is an improvementhenpéak to trough
measurement because it does not rely on a particudurée of the response
waveform. It is, however, still distorted by alpha wawr high frequency
contamination. The RMS for each time window is calted, as shown in Equation
4.3.

tp

SR-u.)

RMS= || N Equation 4.3

where R = response amplitude at timeutjs the average of the amplitudes fronbat

t, and N is the number of samples in the time period.
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4.1.5 SNR

An advantage of a signal to noise ratio (SNR) overRMS or a peak to trough
amplitude is that it can be defined independently of néasel. Biological and
environmental noise varies from day to day, subject toestulgnd laboratory to
laboratory. Removing the dependence of our descriptiongofkiquality on noise
allows comparison of signal quality at different tip@ints, between different subject
and between labs.

A number of approaches to calculating SNR in mfVECBnmaxhave been suggested.
Zhanget al (125) created three new measures that are calculatelibass:-

The ‘Two run signal to noise ratio’ (2rSNR this calculation, the noise is estimated
as the RMS of the difference between the waveformsirachjin two separate runs, A
and B:-

RMYRunA+ Rung 1

2rSNR=
S RMYRunA- RunB

Equation 4.4

A later time window in the cross-correlated resgoms assumed to be a noise
window. The ‘individual noise window SNR’ (hwSNRor each waveforny within
the trace array is calculated using its own noiselow:-

RMYsignalwincow),

NWSNR = _ -
RMYnoisewindav),

1 Equation 4.5

The third approach is the average noise window $INFSNRuverage)is a variation of
the second. This time the denominator is the aeeRNIS value of all the noise

windows within the trace array.

_ RMYsignalwincow),
veroe” RMYnoisewindov)

NWSNR -1 Equation 4.6

average

Zhang reports that the 2 run SNR showed the higla¢st-positive rate which he
attributes to poor cancellation of alpha waves.igadvantage of this approach is by
requiring two runs, it does not take advantage uife®'s advice (92) to the use the
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longest m-sequence practicable instead of making multiptates recordings and

averaging the results, to prevent cross-contamination.

Of the nwSNR and nwSN&rage approaches, the latter was found to have the lower

false positive rate and is now used most widely (14;19;811283,

The signal window is usually taken to be 45ms to 150ms anddlse window from
325 to 430ms and Equation 4.6 can be re-written as:-

RMS(@450150msec)
RMS,,...(32%0430mseq

verage(

SNR= Equation 4.7

There is an inherent difficulty with the assumpttbat the later time window contains

contributions from noise alone for two reasons:

Firstly, with a perfect mfVECP recording, cross+etation will result in a complete
cancellation of all physiological responses thatun@fter the second order response.
However, small blinks or losses of data during acpecal, clinical recording may
mean that this cancellation is sub-optimal and ipassible that small physiological
responses may appear later in the waveform, redgutsraccuracy as an example of

noise.

Secondly, there could be cross-contamination fromtleer stimulus region. This
contamination could be in the form of any ordekefnel response. This is possible
because the orthogonality of m-sequences holda fonte period. The length of the
period depends on the choice of m-sequence. Ualesanufacturer quotes that there
IS no cross-contamination by kernel overlap up tiven order (usually third) in a
given time window, there is no way of knowing wlestl contamination free window

has been selected for time estimation.

Furthermore, Zhangt al (125) observe that the noise outside the signatiow is
poorly correlated with the noise in the signal vand
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4.1.6 Interocular Comparisons

While there may be marked variation in waveform withinage array, the symmetry
of responses between the two eyes of control subjastbden observed (71), arising
from the interleaving of the optic projections from theoteyes. This has been
guantified using the relative asymmetry coefficient (RAD)), calculated as

_ (Amplitude,, - Amplitude,)

RAC _ _ Equation 4.9
Amplitude, + Amplitudegg
Or using an intraocular ratio (33)
: RM :
InteroculaRatio = log,, 2o : Equation 4.10
RMS¢

While this approach has the advantage of overcoming irderiduial variation, it

cannot highlight bilateral damage.

4.1.7 Other Approaches

Klistorner and Graham (129) combine amplitude and SNR appeadiney divide
the maximal peak to trough amplitude in the time window 60-260rby the ‘noise
level', which they define as the RMS of the window 660-11@@m3his publication
discusses data acquired with their OPERA/1.3 system (ObjectiVision Pty Ltd,
Sydney, Australia), which uses several runs of short, §&@ m-sequences. It is

possible that with such short m-sequences, cross-coratam will be an issue (88).
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4.1.8 “Dead M-sequences”

The orthogonal m-sequences which control the on-ofpafttern reversal in the
different regions of a mfERG or mfVECP stimulus, areated by ‘decimating’ the

sequence as described in Chapter 3.

For a mfERG stimulus with 61 regions, or a mfVECP shlimwvith 60 regions, the
m-sequence must be decimated into a minimum of 64 colunusso@ software used
in this department routinely decimates an m-sequencellBocolumns in order to
allow the same process to be carried out for mfER@udticontaining 61 or 103
regions. When controlling a 61 region mfERG stimulusre¢hare therefore, 67
orthogonal m-sequences that are unused or ‘dead’. When agie®-rdartboard
mfVECP stimulus is shown 60 sequences are used and 68 aie ‘dea

Cross-correlating the recorded electrophysiological sigm#th a dead-sequence,
results in a response which is unrelated to the respairtbie retina or visual cortex to
any stimulus area and is therefore representativeeafdise in the recording.

68 ‘dead’ sequences permits 68 independent estimates of nalsgravides a
distribution of the noise contribution. Individually ethcan be treated as truly absent
waveforms, as they are known to be without a physioddgiesponse to a pattern

reversal.

Averaging the waveforms containing only noise will resultancellation. They can
be quantified by their RMS value. The average RMS valu¢hésefore more

meaningful.

Zhanget al (125) approximated this method by covering up the outer regibtise
stimulus. SNR were calculated for these locations\e gidistribution of SNR in the
absence of signal response.

This approach has been investigated with mfERG data by Hagamusing m=9 m-
sequences (130).
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4.1.9 Terminology

For clarity and consistency throughout the rest of thesis, the approach of using a
delayed time window in the cross-correlated respons@ asdication of noise will be
referred to as Delayed Time Window (DTW) noise chargagon. The alternative
approach assessing the noise contribution by investigaendata resulting from the
cross-correlation of the physiological record with threused m-sequences will be
termed Dead M-Sequence (DeadM) noise characterisation.
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4.2 Validation of the Dead-M SNR Against the DTW SNR
4.2.1 Aims

To adapt EDIU Multifocal System software to perform crosgelation of the
electrophysiological signal, with all 128 orthogonal mysences, rather than only
those used to control the stimulus. To verify thatathginal cross-correlation process
iS not altered.

To compare Dead-M SNR values with DTW SNR values.

4272 Methods
4221 Software modifications

EDIU Multifocal System software was modified to merh 128 cross-correlations
using orthogonal m-sequences using Delphi 4, the languageich it was originally

written.

This resulted in an ASCII file containing all 128 crossrelated waveforms. This
was transposed using a short program also written in Dealplurder that the file
could be read into Microsoft Excel for further analysés macro was written to
perform the SNR calculation.

To ensure that the modification of the program hasmodduced bugs or systematic
error to the cross-correlation process, the raw mfER@ from five subjects was
processed using the original program and the modified verdibe first order
waveforms of all four recording channels were comparedifyal inspection. The
first order data from one channel, chosen at randam &ach subject was compared
by subtraction.

4222 Dead-M vs DTW SNR Values

Dead-M and DTW SNR values were compared using a subsethdECP data
recorded to compare responses to CRT and LCD projectaredsdi stimulation,
described in Chapter 6.

mfVECP responses were recorded from four normal, healdtiynieers with no
known ophthalmic or neurological conditions using the EDMltifocal System.
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Subjects were optimally refracted using their own spéetaand their pupils were not
dilated. Recordings were monocular.

Stimulation was provided by a 60-region dartboard patterch Ezgion contained a
4x4 black and white checkerboard pattern and the size oetiens was scaled for
cortical magnification. The stimulus was presented orathode ray tube (CRT)
monitor and subtended a 2&&dius of the visual field. The luminance of white areas
varied across the screen from 735 &ito 960 cdrif and black areas varied from 6
cdm? to 162 cdrif. Contrast varied from 99% peripherally to 64% at thereeof the

screen.

An m=15 bit m-sequence was used to drive the pattern réwefrdhe stimulus
regions at a rate of 75Hz. Acquisition time was approtehgaeight minutes, divided
into 30 second overlapping periods to allow the subject hi lalnd rest, in order to

maintain good fixation.

Ag/AgCl electrodes were placed 4cm above the inion, 4étmaed right of the inion
and 1cm below the inion on the midline. Acquired channelse Channel 0 = 4cm
above the inion — 1cm below the inion, Channel 1 = 4cnofdfte inion — 1cm below
the inion, Channel 2 = 4cm right of the inion — 1cm betbe inion and Channel 3 =
4cm left of the inion — 4cm right of the inion, sinitd the montage employed by
Hood et al (19). A reference electrode was placed at Internatid®s#20 position |
and a ground electrode was placed on the temple. Eledtnpegelances were matched
and below 5R. The skin was prepared with abrasive gel and the etedraffixed

with conductive paste.

Signals were sampled at 1200Hz recorded with a 0.1 to 100Hagaeafilter and
filtered through a 3-30Hz digital bandpass prior to crossetaiion.

The Delayed Time Window (DTW) SNR calculation was iearout using Equation
3.7. A minor modification to the standard time window 3##5 to 430ms was
necessary since our system cross-correlates a wavefatg6ms duration. The noise
window was taken to be 321 to 426ms.

The signal window was taken as 45-150ms in both calculat&hods.

Data was plotted in Microsoft Excel and analysed furimndlinitab 13.32.
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4.2.3 Results
42.3.1 Software modifications

The modified program was successfully used to perform 1B28s@orrelations.
Visual comparison of data showed no differences. Théattions showed no non-
zero values for all 5 datasets. An example is showsigare 4.1.

The results of the transposition program were plot@mnparison with the EDIU

Multifocal System trace arrays indicated a faithfulrto column conversion.

128 waveforms were calculated. The Microsoft Excel ma@as successfully created
and tested allowing SNRs to be calculated using both tred ‘de-sequence’ and

delayed time window approach to characterising noise.
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Figure 4.1 A cross-correlated mfERG trace array using (a) the
original program and (b) the same data analysed using the modified
program. (c) shows the difference between the two, shown on a
higher resolution amplitude scale. There is no difference between
the analyses.
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4.2.3.2 Dead-M vs DTW SNR Values

Figure 4.2 shows the DeadM SNR plotted against the DTW. &dBh plot contains
data from the four recording channels. Each series iognt@0 data points,

representing the 60 waveforms in the trace array.

The plots indicate reasonable, although imperfect agreerbetween the two
approaches.

It is reasonable to anticipate differences in the noiseponent in different recording
channels in the same subject, due to small differencessistance, wire geometry,
background cortical activity and different locations. nly, the noise contribution
will vary from person to person, with the additionariation of scalp, skull and
cortical shape and conductivity.

As a result, statistical tests investigating the SNResand distributions should be
performed within subject and within channel.

The Pearson correlation coefficient was calculatohifab 13.32) for each channel
and each subject. The null hypothesis is that themoisorrelation between the
datasets. In all 16 cases (4 subjects x 4 channelg),ualkeie returned by Minitab was
0.000, confirming a statistically significant correlation.

The correlation coefficients are given in Table 4.1.

Subject Channel 0 Channel 1 Channel 2 Channel 3
AM 0.62 0.58 0.86 0.62
DK 0.88 0.56 0.84 0.77
GA 0.89 0.87 0.92 0.79
JC 0.79 0.90 0.87 0.77

Table 4.1 The correlation coefficient between the SNR calculated via the Delaye

Time Window and Dead M-sequence noise estimation techniques
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Figure 4.2 Graph showing DeadM-SNR values plotted against DTW SNR values.
mfVECP data recorded from 4 healthy volunteers is shown. Each plod slatav
from a different subject. Each series shows data from a diffehaminel.

Using an Anderson-Darling Test for Normality, the SN&dues calculated by both
methods were shown to follow distributions other thiaa Normal Distribution

(p<0.001). A non-parametric Wilcoxon Signed Rank Sum test wsed to test the
null hypothesis that there is no difference betweemtadian SNR, as calculated by
the DTW and DeadM methods. Again, this was performe@dch channel and each
subject. The majority of results could not reject th#l hypothesis at the p<0.05
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level, indicating that there is no significant diffece between average value based on
calculation method.

There were two exceptions:

Subject AM showed a significant difference in the Charthétace. Reference to
Figure 4.2 indicates that larger values were obtainedei®TW method.

Subject JC showed a significant difference in the Channghig.time, inspection of
Figure 4.2 indicates that larger values were obtainedhei®eadM method.

While these individual results appear real, when corsitien context with the rest of
the data here, they are not suggestive of a trend.

They could simply be observed due to multiple comparisénsimple multiple
comparisons correction can be applied by multiplying thalpevby the number of

statistical tests performed, which would increaseybhd p=0.05 in both cases.
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4.2.3.3 Distribution of Noise Estimations

Calculations for the DTW approach used the same RMS n@hie used for the
stimulating m-sequences to calculate the SNR from thesferms produced by cross-

correlation of the physiological signal with the inaetm-sequences.

The DeadM-SNR distribution for the inactive m-sequense®ntred about 1. This is
because the denominator of the SNR is the average RM@ wdlthe 68 noise
estimations. There is no such restriction on the SNRegabf the inactive m-
sequences, using the DTW-SNR calculation.

The distribution of DeadM-SNR values for inactive m-seaas is narrower than that
of the corresponding DTW-SNR valudsgure 4.3 shows the median SNR value for
the noise estimated based on both methods of SNR dacul&rror bars show the
10" and 98 percentiles. In all cases the median SNR value DiadM method is
greater than the DTW method, yet the range of valugseater for the DTW method.
Figure 4.3 shows data recorded from Channel O for eadtedbur volunteers and is
representative of findings from the other three channel

Distribution of Noise Estimation SNR Values

1.6

1.2 4

0.8 4

Median SNR

0.4

O T T T T T T T

AM DTW AM DK DTW DK GA DTW GA JC DTW JC DeadM
DeadM DeadM DeadM

Subject and SNR Calculation Method

Figure 4.3The median SNR values for the two SNR calculation approaches are
compared. Filled data points represent SNR values calculated by the @dlaye
Window Method. Unfilled data points represent the DeadM method. Error bars

indicate the 18 and 9¢' percentiles of the distributions.
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4.2.3.4 Discrimination Between Signal and Noise — DTW vs DeadM

Figure 4.4 shows the distribution of SNR for the 60 wavefoand the 68 noise
estimations. Data from four volunteers and four recgrdimannels is presented.

The peaks of both the signal and noise estimation Me8lR values appear at a
higher numerical value than the corresponding DTW-SNRega It is not clear from
this plot whether either approach can improve on tparséion of signal and noise.

An ROC plot was therefore created from the same aadais shown in Figure 4.5.
ROC curves for the DeadM-SNR and DTW-SNR values. Trs#ipes were defined

as the number of active m-sequence waveforms thahedag cut-off SNR value.

False positives were defined as the number of inacthgeaqunence waveforms that
reached the same cut-off.

The area under the DeadM (solid) curve is greater tharatba under the DTW
(dotted) curve. This demonstrates an improvement in {he@agon of the signal and
noise SNR values when calculated using the DeadM approach

ROC Curves Comparing DTW-SNR
and DeadM-SNR
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Figure 4.5ROC curves for the DeadM-SNR and DTW-SNR values. True positives

were defined as the number of waveforms within the trace arrayeheted a cut-off
SNR value. False positives were defined as the number of nomsatesis that
reached the same cut-off.
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Signal and Noise Distributions for DTW and DeadM SNR
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150 -
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100 - B DTW Noise
M DeadM Signal
50 B DeadM Noise
>
= 0 0.5 L 5 2.5 3 3.5 4 4.5 5
L 50 -
LL
-100 -
-150 -
-200 -
-250
SNR

Figure 4.4 Distribution of SNR for signals and noise estimations using the DTWaB#lReadM-SNR calculation methods. Values for the

DeadM-SNR distributions have been multiplied by -1 in order to presemt below the x-axis, for clarity.
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424 Discussion

The DeadM SNR calculation method does not return ex#otlysame value as the
DTW method. This is unsurprising given the different appneado characterising

noise. There is however, a good correlation.

Visual inspection of the plots of Dead-M SNR vs. DBMR indicates a positive
linear relationship between the two parameters. This Eetexpected since they are
both descriptors of the same waveforms. There is afisigmni spread of data points

which is reflected in the Pearson correlation coaffits.

There does not appear to be a significant systemdfiicatce in the numerical value
of the SNR.

The approach of cross-correlating the raw signal withsed m-sequences allows the
creation of truly absent waveforms, which permits ireeoperating characteristic
(ROC) analysis to be performed. ROC analysis is a polwéobl in assessing
differences in multifocal electrophysiology test pemiance under different
acquisition or data processing conditions.

The DeadM-SNR approach shows an advantage in distinguishavgn signals from
noise, over the DTW-SNR calculation. This translatée an improvement in the
performance of the mfVECP test when the DeadM-SNRaggbr is used to quantify

signal quality.

425 Conclusion

The EDIU Multifocal System has successfully been asthpgb allow 128 cross-
correlations of data to be performed and permit caloulabf the Dead-M SNR

values. This has no detrimental effect on the originads-correlation process.

The DeadM SNR value correlates well with the DTW SNRIlug but has
advantageous characteristics that make it particularfyluséen applied to mfVECP
data.
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4.3 Quantifying Signal Quality in Robust mfERG Signals Using theDead-M
SNR

43.1 Aim

Having shown the advantages of the Dead-M SNR metndWECP data, the aim of
this section is to demonstrate it utility with robustiltifocal signals. In order to do
this, an investigation of the impact of electrode chaoethe signal quality of the
MfERG is presented.

4.3.2 Introduction

Several different types of ERG electrode are used imcal electrophysiology

including the contact lens electrode, gold foil, DTL filaned skin electrodes. Every
electrode has its own inherent impedance and recordingatbastics with unique

associated artefacts.

There is no universally accepted ocular electrode for gense in ERG recordings
and there are many to choose from (131;132). Consideratiease of placement,
subject comfort, electrode stability, the need for @ptatarity and acceptable signal
to noise ratio (SNR) should be made when selecting etkxtro

The following analysis tests whether robust mfERG agrecorded with Gold foil or
DTL electrodes provide superior SNR responses.

4.3.3 Methods

MfERGs were recorded from 11 healthy volunteers using Dmdl gold foil
electrodes.

Testing was performed using the EDIU Multifocal Systdrhe stimulus was the
standard 61-region hexagonal pattern scaled for photdogcefensity, on a
background with luminance equal to the mean luminance obldek and white
hexagons. The stimulus was controlled by a 15-bit m-sequpresented at a frame
rate of 75 Hz, back-projected on to an LCD screen ancpies to 90 diameter of

the visual field The luminance of white areas varied from 903¢édm1297cdrif and
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that of black regions varied from 12cdmo 309cdrf. Contrast varied from 98%
peripherally to 48% centrally.

Subjects had a DTL electrode in the left eye and a gdldléxtrode in the right. Skin
electrodes placed at the temporal orbital rim were usa@farence electrodes and a
third skin electrode placed on the forehead served as adyedectrode. Skin was
prepared with abrasive gel prior to affixing the skin ele#soand impedances were

less than 5R. Recordings from both eyes were made simultaneously.

Data was sampled at 1200Hz and filtered through two bandwadil@®®Hz and 10-
100Hz according to local protocol. Data acquired with a 10-10@iHdfmss filter was

analysed.

Tropicamide (1%) was given 20 minutes prior to testing to eithe pupils and
subjects were allowed short breaks between 30-secondeség of stimulation.

Recording took approximately 8 minutes.

This data was acquired to provide control data for a stfidgtmal toxicity (133)
involving serial mfERG recordings. There are therefared repetitions of the above

recordings.

SNR calculations were performed using the DeadM approach noise
characterisation, as described previously in this chaptersigimal window was taken
to be the first 100ms of the waveform.

The separation of the values of SNR for signal reggom@d noise estimations is
assessed. Since the mfERG used 61 stimulus regions wegee 67 unused m-

sequences and therefore 67 estimations of noise, pedirggahannel.

90



Chapter 4 - Quantifying Multifocal Signal Quality

4.3.4 Results
4.3.4.1 Distribution of Signal SNR Values

A frequency histogram of the SNR values of signal resposs#®own in Figure 4.6.
Each dataset contains data from 61 waveforms acquired Tdo normal volunteers
(giving 671 SNR values per electrode). The histogram is aiseal.

Inspection of the histogram shows significant overlaphefdistributions. Neither is
normally distributed. There are, however subtle déffices. The peak of the gold foil
distribution appears at a higher SNR, but falls off neieeply with increasing SNR,
than the DTL. The DTL distribution shows a larger nembf high SNR outliers.

A Wilcoxon signed rank test was used to identify whettilee median values
(mediago i = 3.10, mediagr, = 2.80) of the distributions were the same. It

indicated a significant difference, returning a p-value@0@1.

This test was repeated on the other two repetitions sfddiia acquisition, with the

same result.

4.3.4.2 Distribution of Noise SNR Values

For both electrodes, the noise SNR values have a mean(as required by the
DeadM SNR measurement technique). The standard deviatioheohdise SNR
values is 0.271 and 0.269 for the gold foil and DTL electroéspectively.

A frequency histogram of the noise estimation SNR &igseshown in Figure 4.7.
Each dataset contains data from 67 unused m-sequencedfrbealthy volunteers
giving 737 SNR values per electrode. Once again, the histagnaonmalised.

Inspection of the histograms suggests that the distribatiovzalues is not normal in

either case.

A Wilcoxon signed rank test was therefore performed.cdmcordance with the
appearance of the histogram, it indicated no significeference between the median
values of noise SNR.

This test was repeated on the other two repetitions sfddiia acquisition, with the

same result.
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Difference in SNR Distributions for mfERG Signals R ecorded with Gold Foil and DTL Electrodes
(waveforms = 61, subjects = 11, recordings = 1)
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Figure 4.6 Normalised histogram showing the distribution of SNR values for mfEER&favms acquired using gold foil and DTL electrodes.
SNR values were calculated using the DeadM method. The red seresserdp data acquired with a DTL electrode and the violet series
represents gold foil electrode data.
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Difference in SNR Distributions for mfERG Noise Est  imations Recorded with Gold Foil and DTL
Electrodes (67 unused m-sequences, 11 subjects, 1 r  ecording)
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Figure 4.7 Normalised histogram showing the distribution of SNR values for noisgaéiens acquired using gold foil and DTL electrodes.
SNR values were calculated using the DeadM method. The red seressergp data acquired with a DTL electrode and the violet series
represents gold foil electrode data.
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4.3.4.3 Separation of Signal and Noise

Figure 4.8 (next page) summarises the data shown in thedumgctwo figures.
Frequency data from the DTL electrode has been mudifdie-1 so that is plotted
below the x-axis, for clarity. This gives the impressanmproved separation of the
noise and signal SNR values when the gold foil electi®dsed.

That impression is confirmed by the ROC curve (Figure 4.9)wbinows a greater
area under the Gold Foil ROC curve (dotted line) tharthie (solid line).

The true positive rate is defined as the percentage wéforans in the mfERG trace
array that exceed a given SNR. The false positiveisatefined as the percentage of
noise estimations that also exceed the same SNR value.

ROC Curve for Gold Foil and DTL
Electrodes
100% ] -_z

80% (—

(Sensitivity)
)
o o
X X
| |

- - = - Gold Foil
20% —DTL

True Positive Rate

0% T
0% 50% 100%
False Positive Rate (1-Specificity)

Figure 4.9ROC curves for Gold Foil and DTL electrodes.
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Distribution of Signal and Noise SNR for Gold Foll and DTL Electrode Recordings
(subjects = 11, recordings = 1)
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Figure 4.8 Data plotted in Figures 4.6 and 4.7 is presented simultaneouslystrdte the separation of signal and noise SNR values. DTL
Frequency data has been multiplied by -1 in order to display it beneatakis, for clarity.
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4.3.5 Discussion

Gold foil and DTL electrodes are both routinely usedlinical mfERG recordings.
By using a gold foil in one eye and a DTL electrode m other during binocular
acquisition of mfERG data from healthy volunteers, ristigbject variability and
environmental variables were standardised to as gre@freedas possible.

The results presented here indicate a small improvemegmrformance when gold

foil electrodes are used. On a routine clinical bakis,advantage may well be over-
shadowed by the increased patient comfort provided by Dddtreldes. However, in

cases where signals are particularly small or the iplogscal record is especially

noisy, gold foil electrodes may assist.

4.3.6 Conclusion

The Dead-M SNR has proved to be a useful parametestingliishing signal quality
between two sets of robust mfERG data.
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4.4 Assessing SNR in the mfVECP with Increasing m-sequentength using
the Dead-M SNR parameter.

4.4.1 Aim

To demonstrate the value of the Dead-M SNR paramesssessing small mfVECP
signals and to quantify the improvement in signal quasttha stimulating m-
sequence length increases.

442 Introduction

The m-sequences that are chosen to run the multisicalili are especially selected
to ensure that the period of orthogonality is suffitke long to prevent cross-
contamination of the responses with (a) responseshir stimulus regions or (b)
from higher-order responses(88;92).

As m-sequence length increases, the proportion of secueteh are orthogonal for
a given time period increases (88).

Increasing the m-sequence length has the advantage of imgprihe SNR of the
recorded data by virtue of increasing the number of data agerages is
accompanied by an increase in the testing time makingethenore arduous for the
patient and increasing the likelihood of loss of fixatzod fatigue. Each increment in
m-sequence doubles the testing duration, for a fixed stimulesemtation rate.
Doubling the sampling should theoretically increase theasitp noise ratio by a
factor of\2.

4.4.3 Methods

MfVECP responses were recorded from four normal, heaibhynteers using the
EDIU Multifocal System. Subjects were optimally refet using their own
spectacles and their pupils were not dilated. Recordimge monocular. Stimulation
was provided by a 60-region dartboard pattern. Each regittained a 4x4 black and
white checkerboard pattern and the size of the regiors sgaled for cortical
magnification. The stimulus was presented on a cathmdéeube (CRT) monitor and
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subtended a 2025of radius of the visual field. The luminance of whiteas varied
across the screen from 735 ¢éinto 960 cdrif and black areas varied from 6 cdm
to 162 cdrif. Contrast varied from 99% peripherally to 64% at thetreeof the

screen.

m=12, 13, 14, 15 and 16 bit m-sequences were used to drive the patergal of the
stimulus regions at a rate of 75Hz. Acquisition time a@groximately 1,2,4,8 and 16
minutes, depending on the m-sequence length. This was diuwded30 second
overlapping periods to allow the subject to blink and restgrder to maintain good

fixation.

Ag/AgCIl electrodes were placed 4cm above the inion, 4étmaed right of the inion
and 1cm below the inion on the midline. Acquired channelse Channel 0 = 4cm
above the inion — 1cm below the inion, Channel 1 = 4cnofdfte inion — 1cm below
the inion, Channel 2 = 4cm right of the inion — 1cm betbe inion and Channel 3 =
4cm left of the inion — 4cm right of the inion, sinitd the montage employed by
Hood et al (19). A reference electrode was placed at Internatib®s20 position |
and a ground electrode was placed on the temple. Eledtnpegelances were matched
and below 5R. The skin was prepared with abrasive gel and the etedraffixed

with conductive paste.

Signals were sampled at 1200Hz and filtered through a 3-30Haldgndpass after

cross-correlation.

SNR values were calculated for each waveform usind>#edM approach to noise
characterisation, using a time window of 45 to 150ms.

Data from Channel O has been analysed. Datasetsclvecked for normality using
the Anderson-Darling Normality test. The majority oftakets were not normally
distributed at the p=0.05 level and so non-parametricsstatwere used.
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Confidence intervals for median SNR values were catiedl using a method
described by Bland (134). Data was sorted and the upper anddomfetence limits
were defined as th& and K" sample, where

j =ngq-196,/ng-q) Equation 4.11(a)

and

k=nqg+196,nq(@-q) Equation 4.11(b)

Where n= the number of samples and g = the quartile §0ihé median).

The median SNR of the 60 waveforms in the trace away compared with the
theoretical increase of2. 95% confidence intervals of the median values were

calculated as described in section 3.6.4 and Equations 4.h#l(é&))a

The theoretical gain in SNR was calculated for eachsdatdhe median SNR for the

mid m-sequence length of m=14 was used as a reference.

444 Results

A plot of the mfVECP trace arrays from Channel O carséen for one subject, JC in
Figure 4.10.

Successive increases in signal quality can be seep as-$kequence length increases.

It can however be seen that the underlying waveformsvarg reproducible in
repeated recordings within a session, in terms of waveshapgditude and latency.
This was apparent in recordings from all subjects frdimrexording channels.
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Figure 4.10mfVECPs from a single subject recorded with increasing m-seqlengié.
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Figure 4.11 shows the improvement in signal quality in @arakwaveform from the
right, lower quadrant as seen on the trace array. &ample demonstrates both a

decrease in noise and an increase in the amplitudie dfdugh at 100ms.

Central waveform

— m=12, SNR = 2.25
— m=13, SNR = 2.96

m=14, SNR = 3.17
— m=15,SNR =3.74
| — m=16, SNR = 5.92

Amplitude

0 50 100 150 200 250 300

Time (ms)

Figure 4.11Central waveform from the lower right quadrant of the trace arrays
shown in Figure 4.13.
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Figure 4.12 shows the increase in SNR with m-sequence foroédlel four healthy

volunteers. Solid data points indicate observed meamnes. Unfilled data points

reflect the theoretical maximum in SNR improvementaofactor ofvV2 with each

increment of m-sequence, normalised to the median SN \athieved with an

m=14 bit m-sequence. For every subject, we see an indrefdse median SNR for
each increment of m-sequence.

The increases in SNR fall short of a factorv@f for each increment, although, in

general they follow the trend of the predicted patteasaaably well.
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Figure 4.12Plot of observed (solid lines) and theoretical (dotted lines) median SNR
against m-sequence length for mfVECP records. The four plots contaifratatéhe

four healthy volunteers. Error bars on the observed data indicate the 95%derurd

interval of the median.
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445 Discussion

The gain ofV2 in SNR is a theoretical maximum and does not accaunio$s of
signal quality due to small losses of fixation due to smubfatigue. Fatigue could

reasonably be expected to increase with the duraticecofding.

It is possible that a low frequency adaptation processrsoghich reduces signal
quality as recording proceeds. This could be tested by parfgrmfVECPs of the
same m-sequence length back to back and comparing the SNRs.

Less than an increase should be expected with mfVECP data since there will no

necessarily be a waveform in each of the 60 locations

With records from a single channel, it is not uncomnizat stimulation with some
regions of the dartboard does not result in a distéEnaaveform. Where this is due
to cancellation of the signal, or due to a dipole daBon within the visual cortex
which cannot be detected with surface electrodes, inogedse sampling time will
not increase the SNR. An increase in the average SNés®than? is therefore to

be expected.

The signals in mfVECP recordings are significantly Benathan those seen in
MfERG records. Coupled with the additional challengestha variability in
waveform appearance seen between normal subjects,dedintages in signal
detection should be carefully considered. It is theeefixely that increasing the m-
sequence from the clinical standard for m=15 for mfERGuaition, to m=16 for
mfVECP records will be clinically significant and allca more robust determination

of whether results are normal or abnormal.

4.4.6 Conclusion

The Dead-M SNR metric has been put to good use in asgebs improvement in
mfVECP signal quality as m-sequence length increases. inadrom a theoretical
increase of/2 in SNR can be explained and are not a reflection@péhformance of
the Dead-M SNR metric.
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4.5  Quantifying Multifocal Signal Quality - Conclusion

A novel method of calculating the signal to noisérat multifocal electrophysiology
recordings has been presented which employs orthogoseguoences that are not

used to control regions of the stimulus.

Software has been written to perform the necessalgulations accurately. The
approach has been compared to one of the most widely usgdda of mfVECP
SNR calculation (Delayed Time Window, DTW) and found giwe comparable

results.

The cross-correlation of raw data with unused m-seqsepoeduces waveforms
known to contain no signal response. These are nsigaations which can be used
as truly absent waveform responses and open up the piossibileceiver operating

characteristic (ROC) curve analysis to compare the paaioce of a multifocal test
under different conditions.

When the DeadM-SNR value is calculated for noise estims, a tighter distribution
of values is seen, compared to those produced using the PpMaah. This created
a small improvement in the ability to distinguish betwenoise and signal. mfVECP
test performance can therefore be improved, albeittlighy the use of the DeadM
SNR value calculation method.

The Dead-M SNR parameter was shown to be useful wit fobust MfERG signals

and smaller, noisier mfVECP responses.

When applied to mfERG data it illustrated a small, isiaally significant
improvement in signal quality when data are acquired usind @l electrodes
compared to DTL electrodes.

Recording mfVECP responses from the same individuals eiffering m-sequence
lengths resulted in waveforms with different noise dbations, however the
underlying waveforms were similar, indicating good reprodutybil
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Improvements in signal quality of mfVECP data with insirg m-sequence length
were investigated using the new SNR metric. SNR incdeagth each increment of
the m-sequence, but failed to reach the maximum theak@tmprovement. Given the
size and complexity of mfVECP responses, the m=16 m-seguis recommended
for future clinical acquisition in order to make the t@stobust as possible.

MfVECP responses remain small and their detectiomideheéd by the superposition
of noise from a number of sources. Filtering the dattha potential to improve
signal quality. The Dead-M SNR value is a robust and ugeitdameter which will be

used to quantify enhancements brought about by filteritigeifiollowing chapter.
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50 Introduction

Filters serve to exclude from the electrophysiologieabrd those potential changes
that have frequencies different from the frequenmesesented in the response under
study. This chapter systematically investigates a ranfjtesfbandwidths in order to
determine which one is the most appropriate for clinjcadlquired data.

5.1  The Purpose of Filtering

In an ideal world, recording electrodes would record caractivity related to visual

stimulation and nothing else. In reality, the recordsghal contains additional

contributions from a number of sources. Some of thesemreonmental, such as
noise due to the mains electrical supply or electromagmgerference from CRT

monitors, while others are physiological arising fromsoie spasms or cortical EEG
activity which is unrelated to the response of interdsise from all of these sources
obscures the signal of interest. When the frequencytrspeof the unwanted

components differs from the VECP, it is possible toaeethem using filtering.

High frequency artefacts in the form of background namséd/or muscle spasm are

removed by a low pass filter.

Low frequency artefacts such as baseline drift can digter recorded signal,
particularly if they are continuous throughout the duratbid a mfVECP recording.
The high pass filter is used to eliminate this. The ddisatage is that the low

frequency components of the physiological response mayalsompromised.

Occasionally, a notch filter is used to remove theafbf mains noise. This is a filter
at 50Hz in the UK, and 60Hz in the USA. The use of a ndtitlr is not
recommended in the Standard VECP Guidelines (27).

There are cases where the noise source contains frgquenponents that are also in
the mfVECP. To remove the noise completely wouldiltea the removal of some of
the mfVECP signal and could reduce its amplitude and#bord the waveform of the

recovered response.

It has been shown throughout this thesis that the 8NRFVECP records is low. All
assistance in removing unwanted components will therdielpeus reach the goal of
detecting as many real signals within the trace arsmyp@ssible, and give us
confidence in describing absent waveforms as exactly that.
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5.2  Simple Hardware Filters

A simple, passive high or low-pass analogue filters st:isdf a single resistor
capacitor (RC) network as illustrated in Figure 5.1.

|
C
Vin

L | Vour

Figure 5.1High and low-pass filtering circuits are shown on the left and right,

respectively.
A bandpass can be constructed by cascading a high and leiljgas

Cascaded RC circuits can produce a steep falloff ofrdupiency response above or
below the low or high pass settings, but the ‘kneethef curve of response versus
frequency is not sharpened.

Sharper knees can be achieved with filters contaimdgdtors, however inductors

are often bulky, expensive and inefficient (135).

Improved performance is achieved by active filters, which made of op-amps.
Butterworth, Chebychev and Bessel filters are all etam of op-amp filters,
designed to have different frequency and phase respddifiesential amplifiers are
used to reduce the effect of common mode interferende asidchat due to mains

electricity.
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5.3 Hardware and Software Filtering

Analogue filters are applied with hardware circuitry, vhdigital filters are applied

post acquisition via software. Digital filters have anber of advantages over their

analogue counterparts:-

Analogue filters distort the time relationship betweems of the desired
signal components passing through the filter, especialkethear the cut-
off frequencies.

Digital filters have better response characteristics.

In complex multi-stage filtering operations, digitalter's have the
potential to attain much better signal to noise ratiasm analogue filters.
At each intermediate stage the analogue filter adds noisthe signal

whereas the digital filter performs noiseless matit@al operations.

A digital filter can easily be changed without affagticircuitry. Analogue

filters can only be changed by redesigning the filter dircu

The characteristics of analogue filter circuits aubject to drift and are
dependent on temperature.

Digital filters are more versatile in their abilitg process signals. Some

are capable of adapting to changes in the charactenstics signal.

Fast DSP (Digital Signal Processing) processors camlla complex
combinations of filters in parallel or cascade (seriggking the hardware
requirements relatively simple and compact in comparigath the

equivalent analogue circuitry.

Relying on analogue filtering requires that the optimggifils known prior
to data acquisition. Digital filtering allows differefitters to be applied

after acquisition.
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5.3.1 DSDP Filtering Options

This chapter uses filters designed using Digital Filtesipe Package (DFDP)
Version 1.1 (Atlanta Signal processors Inc.). The @ogne can be used to create the
coefficients necessary to implement a recursive iefimtpulse response (lIR) filter
design, a Kaiser finite impulse response (FIR) fiiee Parks- McClellan Equiripple
FIR filter.

FIR filters offer advantages over IIR filters. Theyvlaa constant group delay
throughout the frequency spectrum and are stable aeglidncies regardless of the
size of the filter. The disadvantages of an FIRefilire that the frequency response is
not as easily defined as it is with IIR filters andyr@ater degree of complexity is
required to meet a frequency specification than is reqtoreldR filters.

The Kaiser filter was chosen because the linear phesgonse will minimise
distortion of the mfVECP waveforms.

5.3.2 EDIU Multifocal System software (Multifocal Imager 3) - Filtering
Options

Multifocal Imager 3 is a new version of the EDIU Midtal System software, which
allows the user to filter cross-correlated data thhotinree traditional types of filter —
Butterworth, Chebychev and Bessel.

The Butterworth is a maximally flat filter with an op#ifty constant gain in the
passband. The sharpness of cut-off is not as good &hdis/chev.

The Chebychev is maximally sharp in the transition fymassband to stopband but
the passband gain varies and is described as ‘equiripple’.

Bessel filters are neither optimally flat in the gasnd, nor do they have a sharp
transition, but their advantage is a linear phase respdf different frequencies are
delayed by different times then the output of the fitdl not be a faithful version of
the input. This lack of fidelity will be most clearlgen in the response to a step input,

where overshoot and ringing may occur after filtering.

Bessel filters were used because they cause littlertdos to the waveform.
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5.4  Current Standards for Standard Visual Evoked Potential

The Visual Evoked Potentials Standard (2004) (27) recomntaatiSAnalogue high
and low pass filters should be set at 1Hz or lessdsponding to a time constant of
0.16s or more) and at 100Hz or more, respectively.” It stlates that “The use of

notch or comb line frequency filters is not recommended.”

It has been suggested by Haoetdal (54) that ‘the bandpass of the amplifier is not a
major factor’ , during mfERG acquisitions. Howevele #ffect of filter bandwidth on
the mfERG has been investigated by Keagh@l (97) who observed that increasing
the high-pass filter setting beyond 1Hz had little effeat the normal mfERG
response, but significantly distorted abnormal signals.

5.5 Variation in Current mfVECP Recordings.

Throughout the mfVECP literature, variation exists in fliter bandwidths used.
Hood et al employ 3-100Hz (33;73;85;128;136). Subsequently, his group has
employed an additional low-pass filter with a sharp affitat 35Hz using a Fast
Fourier Transform technique (14;113). More recent studies fhensame group have
employed the 3-100Hz bandwidth alone (137). Hood’s review of 2003r{d@gates

that the use of their sharp cut-off software filteadhrelatively little effect on either
amplitude or latency.

Klistorner & Graham in 2001 reduced their hardware low patsg to 30Hz (123).
They reported latencies increased by 2-3msec and unadtengdudes. In 2005, they
reduced it further to 1-20Hz by digital filtering (129), butdeano further comment
on the effect on the waveforms.

Table 5.1 shows the range of filter bandpasses that haee used in recent
publications and indicates where filtering was achieved duragisition or by
digital post-acquisition filtering.
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Study Recording Post
Filter Recording
Filter
Visual evoked potential standards (2004) 1Hz to -
Odom, J.Vet al 100Hz

Documenta Ophthalmologica 2004 (27)

Electroencephalogram-Based Scaling of Multifocal 3 to 30Hz -
Visual Evoked Potentials: Effect on Intersubject
Amplitude Variability

Klistorner & Graham
IOVS 2001 (123)

The Pattern Pulse Multifocal Visual Evoked Potential 0.1 to 1to 45Hz
James AC 100Hz
IOVS 2003 (17)
Multifocal VECP and ganglion cell damage: Veris 3 to 35Hz
applications and limitations for the study of glaucoma settings
Hood & Greenstein
Prog Ret Eye Res 2003 (19)
Quantifying the benefits of additional channels of 3-100Hz -
multifocal VECP recording
Hoodet al
Doc Ophth. 2002 (128)
Effect of pupil size on multifocal pattern visual evoked 1-20Hz -
potentials
Martinset al
Clin Exper Ophth 2003 (138)
The detection of small simulated field defects using 1-100Hz -
multifocal VECPs
Chanet al
Ophthal. Physiol. Opt. 2002 (139)

Table 5.1Filter bandpasses used in recent mfVECP publications.
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5.6 A Two-Stage Experiment

Investigation of the optimal filter has been performesl two experiments for
pragmatic rather than scientific reasons.

Stage one was performed in the early stages of the npedsd®hD work. It
investigated eight bandwidths resulting from four high- &awmal low-pass settings. It
used a piece of MS-DOS software (Digital Filter DaskRackage) originally created
in 1987, to create filter coefficients. The coefficemtere used by a Delphi program

to filter the electrophysiological record prior to crassrelation.

This data was presented at The British Chapter of ISEEcev) in 2003. Feedback
suggested that investigation of a greater number of lowgstags would make the
investigation more useful. This is in keeping with the vammin the low-pass

settings reported recently in the literature.

Stage two was performed in 2007. In the intervening timeerifiy software has
become more readily available and simpler to use. thdeeally, Dr Stuart Parks has
written a new version of the EDIU Multifocal Systesmftware (Multifocal Imager 3)
which integrates the ability to filter data with any s&del bandpass, interactively.
Multifocal Imager 3 filters the waveform array onceoss-correlation has been
performed.

The original EDIU Multifocal System made use of a V&&d (Cambridge Research
Systems, Rochester, UK), production of which has ceddexzl System has therefore
been revised to remove its independence on the VSG DPamthg revision, the
opportunity has been taken to introduce further utility.

The ease with which Multifocal Imager 3 can be usedptsa with difficulties in re-
installing DFDP on a new desktop computer, resulted in tienge in filtering

software.
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5.7 Stage One
5.7.1 Aim

To determine an appropriate bandpass for the post-acquisitenng of mfVECP
data, with the goal of achieving maximising the discrimimati@tween noise and

signal responses.

5.7.2 Methods - Filters

Eight post-acquisition filters were created and aredistelow.

e 0.1to 30Hz * 0.1to 100Hz
* 1to 30Hz  1to 100Hz
« 3to30Hz  3to 100Hz
 10to 30Hz * 10to 100Hz

Digital Filter Design Package (DFDP) Version 1.1 (At Signal processors Inc.)
was used to calculate the coefficients necessanyilferirig. A Kaiser Window Non

Recursive (FIR) Filter Design was employed.

The coefficients were applied to raw data, prior to comgselation, in a filtering
program that was written by Dr Aled Evans, in Delphi 80r{and, USA).

5.7.3 Methods — Data

A subset of the data that was acquired during an investigat the optimal field of
view of stimulus presentation (described in Chapter 6) wad tesenvestigate the

optimal bandwidth filter.

mfVECP responses were recorded from 9 normal, healtlwteers with a mean age
of 34.5 years (standard deviation 12.4 , range 23-52) using the EDltifocal
System. Subjects were optimally refracted using themm spectacles and their pupils
were not dilated. Recordings were monocular and madetfiemght eye.

Stimulation was provided by a 60-region dartboard patterch Ezgion contained a
4x4 black and white checkerboard pattern and the size oetjens was scaled for

cortical magnification. The stimulus was back-projectetb @nscreen using an LCD
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projector. The stimulus subtended & 2@radius of the visual field. The luminance of
white areas varied across the screen from 735%cun960 cdrif and black areas
varied from 6 cdii to 162 cdnf. Contrast varied from 99% peripherally to 64% at
the centre of the screen.

An m=15 bit m-sequence was used to drive the pattern réwefrdhe stimulus
regions at a rate of 75Hz. Acquisition time for eaehording was approximately
eight minutes, divided into 30 second overlapping periods tw #éfle subject to blink

and rest, in order to maintain good fixation.

Data was recorded from midline bipolar channels as follawd incorporates a
selection of electrode positions used by Hetdl (19) and Klistorner and Graham
(16):

Channel 0 = 10% above the inion — 30% above the nasion, Fz.
Channel 1 = 2cm above the inion — 6¢cm below the inion,
Channel 2 = 2cm above the inion — 4.5cm below the inion,
Channel 3 = 4cm above the inion — the inion.

Ag/AgCI electrodes were used and impedances were matchebetnwd 5K2. The
skin was prepared with abrasive gel and the electrodesdfivith conductive paste.
A reference electrode was placed at International 10-2ftiggo F, and a ground

electrode was placed on the temple.

Signals were sampled at 1200Hz recorded with a 0.1 to 100Hagaeafilter and
filtered through a 3-30Hz digital bandpass prior to crossetaiion.

5.7.4 Methods - Analysis

A Fast Fourier Transform (FFT) of the raw data befarel after filtering was

calculated to allow inspection of the effect of filbg on the frequency spectra.
After filtering, data was cross-correlated to produce wawvefarrays.

Signal to noise ratios were calculated as describe@hapter 4. A window of 45-

250ms was used to calculate SNR. This is different fitme45-150ms time window

used in the previous chapter and is based on an obseraatiosubsequent analysis
presented in Chapter 7.
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The distribution of the SNR values was tested for mditynusing the Anderson
Darling Test for Normality.

Median SNR values of data passed through each of the lsmedpare compared. A
Wilcoxon Signed Rank Sum was used to test the null hypisthieat data filtered with

a lowpass setting of 30Hz results in SNR values withsdmae distribution as that
filtered with a lowpass of 100Hz.

Confidence intervals for median SNR values were catedl using a method
described by Bland (134) and Equations 4.11(a) and (b).

Use was made of statistical software packages SPSSat5Wiridows and Minitab
13.0

Receiver Operating Characteristic (ROC) curves werttguldor each bandpass. In
order to provide specificity data for ROC curves, crossetations of the raw data
with orthogonal, but unused m-sequences were used tte aveaeforms that could

not contain any physiological data and could therefugeconsidered to be True
Negatives. SNR values were calculated for these wawsfin the same way as SNR
calculations are performed for waveforms within thecdrarray which contain

physiological data. The percentage of noise estimatibats exceed a given SNR
value was taken as the False Positive Rate or (1-gpggif
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5.7.5 Results
5.7.5.1Frequency Content of Raw and Filtered Data

Filters coefficients were successfully created andlempnted in the filtering

software.

FFTs of the raw data and filtered data are shown in Figieand demonstrate that
the designed filters were performing as intended. The plkeasimown is for data from
a single channel, from a single subject, but is reptatee.

This is the FFT of the raw multifocal file, prior tooss-correlation.

25 13
: - = Unfiltered
1
2071 - - 0.1t0 100
\
A 1 to 100
15 4 /4 \
V7
i 3 to 100Hz
10
— 10 to 100Hz
5 —
O T T T T
0 10 20 30 40 50
Frequency (Hz)

Figure 5.2 The frequency response of unfiltered and filtered data.

5.7.5.2Filtered Waveform Arrays

Figure 5.3 (a&b) shows an example of a waveform arram fa single subject that
has been passed through each of the eight bandpasses.
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Figure 5.3aA waveform array, filtered through eight different bandpasses
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Figure 5.3bA waveform array, filtered through eight different bandpasses.
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5.7.5.3The Effect of Filtering on Individual W aveforms

Figure 5.4 shows the effect of each of the bandpassessamgle central waveform.
The top trace in each column is the unfiltered data. Véanes filtered with a 30Hz

low pass setting are less noisy than their 100Hz lowjgassterparts. In both
columns, the bottom-most trace has a highpass settid@Hz. In both cases, we
begin to see a degree of distortion of the waveform. &uié positive going peak
that appears just after 100ms is relatively unaffectiee, negative going peak at

approximately 170ms is diminished.

LowPass = 30Hz LowPass = 100Hz

—— Orig

—— 0.1to100Hz
—— 1t0100Hz
—— 3to100Hz
10to100Hz

—— Orig
—— 0.1to30Hz
1to30Hz
—— 3to30Hz
—— 10to30Hz

Amplitude
Amplitude

J N

100 200 300 400 500

Time (ms) Time (Ms)

100 200 300 400 500

o -
o A

Figure 5.4 Effect of the eight bandpasses on a single waveform. The left-hand plot

shows bandpasses with a lowpass setting of 30Hz, and the right hand plas show
those with a lowpass of 100Hz. In both columns the uppermost tréeeasdinal,
unfiltered data. This waveform is the response to stimulation bptaat region in

the lower, right quadrant of the dartboard pattern.
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5.7.5.4The Effect of Filtering on the Signal to Noise Ratio

Reducing the lowpass from 100Hz to 30Hz makes the signakclead does not
exclude any useful data. A comparison of the SNR valuésilated from the

waveforms was performed.

The distribution of SNR values was tested for noriypalging the Anderson-Darling
test for Normality, performed by Minitab. This returnadprobability of less than
0.001, suggesting the values are not normally distributed.p&osons of SNR
distributions were therefore based on non-parame&ststand characterised by

median rather than mean values.

SSPS 15.0 for Windows was used to perform a Wilcoxon 8igamk Test. This was
performed on data from a single channel for each subgechparing the 30 and

100Hz low pass setting for each of the high pass settings.
0.1to100Hz vs. 0.1to30Hz,

1to100Hz vs. 1to30Hz,

3to100Hz vs. 3to30Hz,

10to100Hz vs. 10to30Hz.

Each test included data from a single channel only, to ensuwependence of
samples. The test was repeated for each of the fomnelsa The Wilcoxon Signed
Rank Test was therefore performed 16 times. In every, ¢tas significance returned
was p<0.000, suggesting that the null hypothesis that thevaNies come from the
same distribution can be rejected i.e., there isaasttally significant increase in
SNR when a 30Hz lowpass setting is used compared to a 10@piass.

Median values are plotted in Figure 5.5. The error bansatel the 95% confidence

interval of the median.
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Median SNR Values After Pre-Cross
Correlation Filtering
1.35
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Figure 5.5Median SNR values are presented for data from four channels acquired
from nine subjects, filtered through eight bandpasses. Error bars indloat@5go
confidence interval of the median. Datapoints with the same highpassavalue

joined to allow comparison of 100Hz and 30Hz lowpass settings.
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5.7.5.5ROC Analysis

ROC curves are shown in Figure 5.6. The bandpass that dhewsest performance
in terms of both sensitivity and specificity will hatlge largest area under the ROC
curve. Inspection of Figure 5.6 indicates that thereaarember of filters that provide
very similar performance. It is clear, however, it 0.1 to 100Hz and 0.1 to 30Hz
filters perform more poorly than the others. The grsiatirea under the curve is
provided by SNR values calculated from data filtered throu§koaB0Hz bandpass.

The data included in this analysis is from four recordingiobbl acquired from nine
subjects. There are therefore 2160 true signals and 2448 estisnatinoise used in

each curve.
100%
75% -
>
£ / —— 0.1-100Hz
‘§ 50% - —— 1to100Hz
& 3to100Hz
10t0100Hz
——0.1to30Hz
0 |
25% —— 1to30Hz
—— 3to30Hz
— 10to30Hz
O% T T T
0% 25% 50% 75% 100%
1-Specificity

Figure 5.6 ROC curves for data filtered through eight different bandpasses. Each
curve is based on data from nine subjects and four recording channels (i.e. 2160
signal samples and 2448 noise samples).
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5.7.6 Stage One - Conclusion and Discussion

Filters were successfully created and applied to madlifovisual evoked cortical
potential records, prior to cross-correlation.

Distortion of the waveform is introduced when a 10Hz pags setting is used. This
is not easily seen in Figure 5.3 due to the size of theefeem arrays, but is
demonstrated clearly in Figure 5.4.

Waveform arrays show that the use of a 30Hz lowpasagetimoves high frequency
noise, making the waveforms appear ‘cleaner’. Thisfieated in the median SNR
values, which are consistently higher for direct conspais of 30Hz and 100Hz

lowpass settings.

10-30Hz filtering maximises the SNR value, but also intredugaveform distortion.
3-30Hz filtering does not sacrifice the SNR value to atgdegree and does not
introduce significant distortion.

Filtering affects both cross-correlations of the m-seqaethat contain a signal and
those that are not used to drive a region of the stisnahd therefore contain noise
alone. Changes in the SNR of true signals will be accomgdny changes in the
SNR value of the noise estimations. Genuine improvesriarthe performance of the
mfVECP test require an ability to distinguish between sgatal and the absence of
signal. ROC analysis was therefore carried out to aer which filter bandwidth

that allows the best performance of the mfVECP test.

Filters which have a 0.1Hz highpass setting show a smaitéer the ROC curve than
any of the other bandpasses suggesting a comparativelyapdity to distinguish
between the presence and absence of a signal. The higlifiagsiz possibly allows

too much low frequency through, disturbing the baseline.

The remaining filters show subtle differences betwden areas under their ROC
curves, however the 3-30Hz ROC curve shows the greaésst a

In comparisons of 1-30Hz vs. 1-100Hz, 3-30Hz vs. 3-100Hz and 10-30HKOvs
100Hz, the 30Hz lowpass resulted in a slightly larger ardaruhe ROC curve. This
is in keeping with the findings that a lowpass of 30Hz tesil a statistically
significant improvement in the SNR over 100Hz. This tietes to a slight
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improvement in the performance of the mfVECP testerms of distinguishing

between signal and noise.

Having shown statistically significant differences e tmedian SNR values after
filtering data, it might have been reasonable to exjoesee clearer differences in test
performance reflected in the ROC curves. Differenceslaylt for two reasons:

Firstly, the relatively tight 95% confidence intervdltbe median values presented in
Figure 5.5 result from the large number of samples (n=2160¢ Underlying
distribution is wide and there is significant overlapween the distribution of noise

and signal SNR values.

Secondly, filtering acts upon the estimations of naishé same manner as the cross-
correlations containing signal and has an impact ontrtre negative waveforms’
SNR values. As the signal SNR values shift their ibigtion towards greater values,
so do the noise SNR values, reducing the ability of aff8NR value to distinguish

between signal and noise.

Post-acquisition filtering has been shown to have aipesffect on mf\VECP trace
arrays and the performance of the mfVECP test. Oéitjlet bandpasses investigated,
3-30Hz is to be recommended.
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5.8 Stage Two
5.8.1 Aim

To increase the number of low-pass settings investigaieStage One of this
experiment. Low pass setting of 20, 30, 40, 50 and 100Hz werecppliorder to
cover the range of settings reported in the literatand, the recommended ISCEV
setting.

5.8.2 Methods

The same data was used as in Stage One. Filtering wisnped by Multifocal
Imager 3. A total of 20 filters were investigated and atedidbelow. Eight of these
were those used in Stage One and are highlighted by a *.

* 0.1to 20Hz * 1to 20Hz * 3t0 20Hz * 10 to 20Hz

* 0.1to 30Hz* * 1 to 30Hz* * 3to 30Hz* * 10 to 30Hz*
* 0.1to 40Hz * 1to 40Hz * 310 40Hz * 10 to 40Hz

* 0.1 to 50Hz * 1to 50Hz » 3to 50Hz * 10 to 50Hz

* 0.1to 100Hz* * 1to 100Hz* * 3to 100Hz* * 10 to 100Hz*

First order Bessel filters were used. Initial obseoratiindicated that higher order

filters could distort waveforms.

Data from four acquisition channels was filtered throtigé 20 filters for nine
subjects’ data.

In contrast to the approach of filtering raw data ptacross-correlation described in
Stage One, Multifocal Imager 3 is designed to perfornerifig on the cross-

correlated waveforms.

Signal to noise ratios were calculated as describeadhapter 4. A window of 45-

250ms was used to calculate SNR. This is different fitmed5-150ms time window
used in the previous chapter and is based on an obseraatiosubsequent analysis
presented in Chapter 7 (section 7.3.4).
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5.8.3 Results

5.8.3.1Filtered Waveform Arrays
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Figure 5.7 Waveform trace array before any filtering was applied.

Figure 5.7 shows unfiltered data. Figures 5.8a and b show the data filtered
through the 20 bandwidths listed in Section 5.8.2.

Inspection of the trace arrays shows
» Using a high pass of 10Hz introduces considerable distodidretwaveform.

* Reducing the low pass setting of the filter makes the feavs increasingly

clearer.
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Figure 5.8aFiltered waveform arrays
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Figure 5.8bFiltered waveform arrays
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Figure 5.8cFiltered waveform array
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Figure 5.8dFiltered waveform array
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Chapter 5 - Filtering Bandwidth

5.8.3.2The Effect of Filtering on Individual Waveforms

Figure 5.10 shows the effect of each of the filters len waveform in Figure 5.9,
below. This waveform is the response to stimulationdgion 48 of the dartboard

pattern. This is in the second ring in the upper right quadifahe dartboard.

Unfiltered Data

Amplitude

0 200 400
Time (ms)

Figure 5.9 Unfiltered waveform.

Data are grouped by the highpass setting. Within each plet,otwpass setting
increases from 20Hz at the top to 100Hz at the bottoreati of the four plots, a
clear reduction in high frequency noise can be seenen2éhand 30Hz lowpass

filtered waveforms, compared to the 100Hz lowpass.

Differences between waveforms with a 0.1Hz and a 1Hhpaigs setting are
marginal. As the highpass is increased to 3Hz, we begsedasubtle changes in the
waveshape in the form of an accentuation of the troughpptoximately 170ms.
Further distortion can be seen in the 10Hz lowpassrdill waveforms. Distortion
with a 10Hz lowpass setting was encountered frequentlurthdr example is given

in Figure 5.11.

In Figure 5.11, the original data shows a peak at approxima®€gns with troughs
roughly symmetrically placed either sides®0ms and=150ms. Applying bandpasses
with 10Hz highpass settings appears to remove the trough &t &@nemphasis the

one at 150ms, giving the waveform a very different waveshape.
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Figure 5.10The waveform evoked by region 48 of the dartboard stimulus is shown
after filtering through each of the 20 bandwidths. Waveforms are grouped by the
highpass setting of the bandwidth. Within each plot, the lowpass settingsesre
from 20 to 100Hz, from top to bottom. Region 48 is in the second ring arwhvtre |
right quadrant.
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Figure 5.11Unfiltered data are shown on the left. The right shows data filtere

through bandpasses with a highpass setting of 10Hz. Significant distortion of the
waveform can be seen.
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5.8.3.3The Effect of Filtering on the Signal to Noise Ratio

Using data from nine volunteers and four recording channedsijan, 18 and 9¢'
percentile SNR values were calculated and are plottEgyure 5.12.

In this plot, the first vertical data series is foe toriginal, unfiltered data (dark blue).
All pink data series have a lowpass setting of 20Hzowyedleries represent a lowpass
of 30Hz, aqua series represent 40Hz, purple represent 50Hzrewwd bepresent
100Hz. Going from left to right, the series with squanase a highpass of 0.1Hz,
circles are the next group, representing a highpass of frldngles represent a
highpass of 3Hz and the rightmost group of crosses repraseghpass of 10Hz.

For each highpass setting we see a consistent, moadtend of decreasing median
SNR as the lowpass setting increases from 20Hz to 100ldzaider median value is
accompanied by a larger range of SNR values. The rangeades as the lowpass
setting increases from 20 to 100Hz.

This will have an impact on the ability to distinguishvibe¢n signal and noise,
particularly if filtering decreases the value of lowergeatiles and brings it into
greater overlap with the range of noise. Indeed, Figut8 Shows that filtering
increases the range of SNR values of cross-correlatsehoences that were not used
to drive the mfVECP stimulus (i.e. the 68 represenatiof noise). The colour
scheme used in this figure is the same as that used ireFdl2. The distribution of
noise SNR values decreases as the lowpass settinggased from 20Hz to 100Hz, a
pattern that is consistent for all highpass settings.

It can be seen that filtering data can improve theiame&NR value. Only the 10-
100Hz filter reduces the median SNR when compared tdarefil data.
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SIGNAL DISTRIBUTION

—— Unfiltered
—#-0.1to 20Hz
0.1 to 30Hz
—#—-0.1to 40Hz
—&—0.1to 50Hz
—&—(0.1to 100Hz
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—e—1 to 50Hz
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—4— 3 to 20Hz
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10 to 30Hz
—<-10 to 40Hz
—%—10 to 50Hz
—%—10 to 100Hz

SNR

Filter Bandwidth

Figure 5.12Median SNR values for signals within the waveform array are plotteshftr filter bandwidth. 10and 9¢" percentiles are also
shown. Unfiltered data are represented by the blue series. Each oblserries represents a different low pass (pink- 20Hz, yell80Hz,

aqua — 40Hz, purple — 50Hz and brown — 100Hz). Squares indicate a high pass of bclé$z-dHz, triangles — 3Hz and crosses — 10Hz.
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NOISE DISTRIBUTION

—— Unfiltered
—=—0.1 to 20Hz
0.1 to 30Hz
—#—0.1to 40Hz
—&— (0.1 to 50Hz
—&—0.1 to 100Hz
—o—1to 20Hz
1 to 30Hz
—o—1to 40Hz
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Filter Bandwidth

Figure 5.13SNR value distribution of noise estimafBise median SNR values are given, along with tfea®@ 18" percentiles. The unfiltered
data are represented by the blue series. Each colour of seriesseayis a different low pass (pink- 20Hz, yellow — 30Hz, aqua — 40Hkie pur

50Hz and brown — 100Hz.) Squares indicate a high pass of 0.1Hz, circles tridmites — 3Hz and crosses — 10Hz.
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5.8.3.4ROC Analysis

ROC analysis was performed. Results have been grouped liywtpass setting of
the bandpass and are shown in Figure 5.14.

The areas under the ROC curves are very similar, suggehktt large improvements
in signal detection will not be achieved by post crossetation bandpass filtering.

There are, however, subtle differences. In eachefite plots, the pale blue curve
representing a highpass setting of 3Hz shows a smallasena the area under the

curve, compared to all other highpass settings.

The bandpass of 10-100Hz (shown in the bottom plot, puapleey shows a small but
clear reduction in the area under the ROC curve, wisictomnsistent the fact that it
maintains a high degree of high frequency noise and tkhatQ@HKlz highpass setting

introduces considerable waveform distortion.

ROC curves were grouped by the highpass setting of the bangmasshown) in
order to highlight differences in performance basedtten lowpass setting of the
bandpass, but did not result in any noteworthy findings.
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ROC Analysis for Low pass = 30Hz
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Figure 5.14ROC curves for all 20
filters. Data from nine subjects and
four recording channels was used to
create these ROC curves. Each curve
represents 2160 signals and 2448

noise estimation.
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5.8.4 Stage Two - Conclusion & Discussion

On inspection of both waveform arrays and individual viawas, decreasing the
lowpass setting improves the appearance of the wavefoxdnwauld ease the

placement of cursors to quantify amplitude and latenayegal
The use of a 10Hz highpass setting introduces significaiotriiiis to the waveforms.

Applying filtering can increase the median SNR value, whih largest values being
seen for a lowpass setting of 20Hz. This is, howevegrapanied by an increase in
the range of SNR values.

This analysis included all data acquired from four midlireording channels. There
will be waveforms within the trace arrays which repnésg volume of the visual
cortex which may be oriented at such an angle thatrnbt possible for a channel to
detect the evoked dipole. The resulting waveform is érckads containing a
physiological signal. The downward trend of th& p@rcentile value as the lowpass
setting is reduced could therefore be due to these wavefotmere signal is not
present.

If these waveforms could be clearly identified and reedofrom the analysis, we may
see greater improvements in the ROC curves of 20Hz and B@{mss setting

datasets. A simple automated means of making this idexidh is not immediately

obvious and so inspection of all the waveforms wouldrdguired. This is not

practicable with the volume of data involved here.

ROC analysis suggests that the use of a 3Hz highpassgsett the bandpass
provides a small improvement in the ability to distinguigween signal and noise
when compared to unfiltered data and data filtered througbtiey bandpass.

The ROC analysis does not inform the selection ofrvgpéss setting.

As with the data presented in Stage One, we see sn@ibvements in SNR values.
These do not translate into substantial differencdgst performance, as defined by
the ROC curves.

One explanation for this could be that the diffeemnin the frequency content of
cross-correlations containing physiological signal plessen and those containing
noise alone, are slight. This wasvestigated by taking a Fast Fourier Transform
(FFT) of 6 waveform responses to stimulation (one feanh ring of the waveform

141



array) and 6 waveforms representing noise (i.e. crosglations of unused m-
sequences). Data was from a single subject and a siagteding channel. The

average FFTs are shown in Figure 5.15.

Frequency contributions of cross-correlations
containing signals and noise
140 -
120 -
100 -
M — S|qnal
od 80 — Noise
ul
us
60
40
20
0
0 20 40 60 80 100
Frequency (Hz)

Figure 5.15Frequency content of waveforms containing physiological signal (Blue —
Signal) and waveforms created by the cross-correlation of the raw dhtanused
m-sequences (Pink — Noise).

The FFTs show a remarkable similarity in frequency aunker frequencies greater
than 40Hz. Differences are present at frequencies lolaer 10Hz. Changing the
lowpass settings of the filter bandwidths will therefbere the same impact on both
cross-correlations of physiological signal plus noiad aross-correlations of noise
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alone, and we should not therefore expect to see aroweiment in the ability to
distinguish between them.

Data presented in Stage Two suggests that a post crosk&ton filter bandwidth of

3 to 20Hz will improve the appearance of the waveformayamssist in the positioning
of cursors for amplitude and latency determination, amee SNR values of
physiological responses and allow a small improvemethanability to distinguish

between the presence and absence of a physiologicahsespo
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5.9 Comparison of Stage One and Stage Two Results

The analysis performed in Stage One and Stage Two ofinhéstigation have

resulted in very similar conclusions. There are, h@rvesome differences of interest.

ROC analysis performed in Stage One showed a distisati¢antage in the use of a

0.1Hz high pass setting (Figure 5.6), but this was not sedmei®tage Two study
(Figure 5.14).

For the same nominal 0.1 to 100Hz filter, the applicapoar to cross-correlation
results in poorer performance of the test than applicatfter cross-correlation. This
is not the case for higher highpass settings. This msodstrated in Figure 5.16
Similar results are seen for a 30Hz lowpass settingstmmwn).

0.1to 100Hz 1to 100Hz
100% > 100%
o ~ o -
- 7
75% - e 75% A v
. g
/. 7
. '
2 e 2 2
= e e A
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Figure 5.16ROC curves for the same data filtered through a 0.1 to 100Hz (left hand

side) and a 1 to 100Hz (right hand side) filter. The solid curve iddta filtered after
cross-correlation, and the broken line is data filtered prior to cramselation. The

orange curve is unfiltered data.

The median values of the SNR distributions for wavefowithin the trace array were
compared using data filtered before and after cross-caoreldthe median values
were found to be significantly greater (p<0.05) when fiiigwas applied after cross-
correlation, for filters with a highpass setting dfl8z. Significance was determined
by the lack of overlap of the 95% confidence intervaldiefrhedian value.
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No significant difference was seen in the mediamueslwhen the highpass setting
was 1Hz.

These findings were consistent when tested for lowpeksigs of both 30 and
100Hz. These finding are illustrated in Figure 5.17.

Dependence of Mean SNR Values on the Order of Filte  ring and Cross-
Correlation

1.3

—— Pre 0.1 to 100Hz
—©—Post 0.1 to 100Hz
—A— Pre 1 to 100Hz
—— Post 1 to 100Hz
—— Pre 0.1 to 30Hz
—6—Post 0.1 to 30Hz
—— Pre 1 to30Hz
—B— Post 1 to 30Hz

Median SNR

1.2

0.1-100 1-100 0.1-30 1to 30

Bandpass (Hz)

Figure 5.17Data filtered before and after cross-correlation is compared. Median
SNR values and their 95% confidence intervals are plotted. Each sarie$
represents the same filter, applied before (filled shapes) aedatiss-correlation
(unfilled shapes). From left to right, the pairs show data filtehedugh a 0.1-100Hz
filter (diamonds), a 1-100Hz filter (triangles), a 0.1 to 30Hz fi@rcles) and a 1 to
30Hz filter (squares).

The power of the analysis was improved by performingir@ganon-parametric test.
The Wilcoxon Signed Rank Sum Test returned a significafiérence for all
highpass settings at the p<0.001 level.

There are two major differences between the methg@soused in Stage One and
Stage Two.
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Firstly, a Kaiser filter was used in the first and @s8el was used in the second. Both
of these are linear phase filters and while their charatics are not identical, it
would seem unlikely that they would fully explain theatepancy.

The second difference is the stage in the data progesdi which filtering was
applied. Stage One filtered the raw data, prior to cros®lation, while Stage Two
allowed filtering to be performed interactively on crassrelated waveforms.

The process of cross-correlation can produce frequemopaents in the waveforms
that were not present in the raw data. This arisesubeddiscrete windows of data are
selected for addition or subtraction, based on the walube m-sequence and the
order and kernel of the cross-correlation. It is pgumssthat when data are filtered
before cross-correlation, the creation of the wavefarray re-introduces unwanted
frequency components which degrade the signal and redugeeittoemance of the
mfVECP test.

By increasing the highpass setting from 0.1Hz to 1Hz, loaguency baseline
fluctuations are removed. A wandering baseline couldlitr@sunore discontinuous
jumps as discrete sections of the raw data are addedudntchcted during cross-
correlation, which would introduce unwanted frequency comptanto the waveform
response. This would happen to a lesser degree if theingases flatter, which
explains why the 0.1Hz highpass setting performs more ptatythe other highpass

setting for pre cross-correlation filtering.

Data filtered through a bandpass with a 0.1Hz highpassgetirior to cross-
correlation creates data with a poorer ROC curve timdittered data. This is at first
counter-intuitive. One possible explanation lies in gwmmilarity of the hardware
acquisition and software filter settings, and their-imal performances. Data was
acquired through a 0.1 to 100Hz hardware filter and was plessed through a
software filter which also had a highpass setting of O0.MNgther filter will have a
perfect frequency response curve. A sharp transition friopband to passband
between DC and 0.1Hz is a demanding requirement forea &ttd it is possible that
overshoot will appear at frequencies of close to O.ibHme or both of the filters. The
poor performance identified here could be the resultnoingeraction of the serial
application of two non-ideal filters on frequencies elo§0.1Hz.
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Filtering with a 1Hz highpass setting shows a veryhsldyop in the area under the
ROC curve, when compared to unfiltered data, suggesting thatisthdvantageous
interaction of filters is lessened by separating ttramsition bands.
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5.10 Wavelet Filtering and Smart Filters

Filtering is becoming more sophisticated than the useingble bandpasses. Two
examples of new techniques are wavelet filtering andtditars.

Wavelet filteringis used to remove noise from the signal whilst minmgproblems
associated with high pass and low pass filters, such g=digion of the signal.
Furthermore, using Discrete Wavelet Transforms, as @gpde Fast Fourier
Transforms to analyse a signal, allows both theuesacy and the temporal content of

the input wave to be examined

When using wavelet filtering, the time domain signal isspd through a series of
high and low pass filters. At the first stage, thenalgs split into two parts, using a

high and low pass filter. Two versions of the sigih@in exist; one contains the low
frequencies within the signal while the other contdims high frequencies. The

above process is then carried out on the low pass partithe signal, again resulting

in two versions of the signal. This is continued uatiladequate frequency resolution
is achieved.

Different combinations of the generated frequency skrescombined, as governed
by the wavelet order, to optimise the filtering process.

Wavelet filtering has been used to positive effect in Hijon mfERGs (140).

Smart filtering employs both wavelets and traditional bandpass ifitjeland is

designed to assist in cursor placement.

The Multifocal Imager 3 software allows the applicatiof wavelet filtering and
Minimal, Mild, Moderate and Maximum Smart Filters. Thesse applied to a single
subject’s waveform array. The Minimal and Mild optiapeared to have little or no
effect on data, while the Maximum distorted data sigaifity. When judged by eye,
the Moderate option appeared to remove noise withowtdnting distortion.
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Figure 5.18Examples of Wavelet and Smart Filtering. The top trace array is
unfiltered. The bottom left has been through a wavelet filter and thenbatyht has
had a Moderate Smart Filter applied.

Data from a single recording channel (Channel 1) acquited & single subject has
been put through a Wavelet and a Moderate Smatrt Filter.

The effect on the waveform array can be seen in Fi§ut8. SNR values were
calculated for both types of filtering and are comparét wnfiltered data and data
filtered through a traditional 3-30Hz bandpass, in Figure 5.1fliltéled data are
represented by dark blue squares, data filtered through a 3-3@Hizass, post cross-
correlation by pink squares, wavelet filtered data aocavahby yellow triangles and
smatrt filtered data by pale blue squares.

Wavelet filtering shows improvements in SNR valuesaveral cases. The SNR
values obtained after the application of the ModeratarSFilter are poorest.
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Effect of Wavelet and Smart Filtering on SNR

< Unfiltered
m 3-30Hz
Wavelet

« Moderate Smart

SNR

0 8 16 24 32 40 48 56
Stimulated Area

Figure 5.19SNR values are plotted for data from a single waveform array. Each of
the 60 waveforms has a SNR value calculated after filtering witB-88Hz bandpass
(pink squares), the Wavelet filtering (yellow triangles) and tbeddate Smart Filter

(pale blue circles). The unfiltered data are represented by navyshlueges.
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ROC curves were plotted from this data and are showigure 5.20. Please note that
unlike all previous ROC curves presented in this chapter, tepsesent data from a
single channel and subject and are therefore consigieraisiier.

The ROC curves show that the ability to distinguish ketwnoise and signal is not
enhanced by the application of either the Wavelet or MadeSmart Filtering, in this

subject. In fact, the application of the Moderate SrRdier appears to be detrimental.
This could be because the Moderate Smart Filter has dggéenised for mfERG data

rather than mfVECP data.

ROC Analysis - Wavelet and Smart Filtering

100%
/
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>
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c
?
——3-30Hz
25% 1 Wawelets
Moderate
Smart Filter
O% T T T
0% 25% 50% 75% 100%
1-Specificity

Figure 5.20ROC curves for unfiltered data (dark blue curve), data filtered thr@augh
3-30Hz bandpass (pink curve) a wavelet filter (yellow curve) and a Mtd8&mart

Filter (pale blue curve).
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5.11 Conclusions and Discussion

In this chapter it has been shown that the best mR/B@nal quality and test
performance are achieved when a 3-20Hz bandpass digisaeB#iter is applied

after cross-correlation.

Post-acquisition filtering software is becoming moradily available, making the
selection of acquisition filtering less important. Iivéde bandpass is selected during
acquisition then flexibility remains for selecting anoaver filter afterwards.

Improvements in the appearance of waveform responskethain SNR values can be
brought about by appropriate filtering. This translates mibtle differences in the
ability to distinguish between the presence and abseneesignal, as defined by
ROC analysis. These differences were smaller thigihtnbbe expected, which can be
explained by a corresponding increase in the SNR valuesla@d from noise

estimations.

Cross-correlation is a technique for improving signal édsen ratio and providing
optimal signal detection. While the application ofefilng can increase the numeric
value of the SNR and make the waveform more pleasingh¢o eye, those
improvements do not translate to a substantially improadedity to distinguish
between signal and noise. This suggests that the gremtesin signal quality is
achieved is by cross-correlation and that the changesludted by filtering are small

in comparison.

A brief analysis of the frequency spectra of crossdiations containing
physiological signal and noise, and cross-correlatiohsnoise alone indicated
significant overlap. This suggests that the presencend/&CP signal is dependent

on waveshape rather than its frequency content.

The improvements seen here are subtle. All analysesihaluded all 60 waveforms
in the trace array and assumed that there are detesighkds present. It has been
shown that this is not always the case. Further woarlkselected waveforms that are

clearly present may show greater improvements omifiie

The order of application of a bandpass filter and ecoseelation is important and
careful attention to filter frequency response is necgssa
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New methods of filtering, such as the use of waveétetrihg may provide additional
improvements in the signal to noise ratio of wavei®rand therefore the ease of
cursor placemen. The brief investigation presented here dot indicate that
significant gains will be made in attempts at distinguishoegyveen the presence or
absence of a signal, however the filters used werdentefor use with mfERG data
and future tailoring of the algorithms to suit mfVECP datsy produce more fruitful
findings.

While filtering can remove sources of noise which distogtgignal, and enhance our
ability to detect signals, an increase in the underlgiggal size would obviously
have a more immediate impact on test performance. fbiflewing chapter
investigates whether the method of stimulus presentafinrhave such an impact.
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Chapter 6

Stimulus Delivery
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Chapter 6 — Stimulus Delivery

6.0 Introduction

This chapter describes various methods of stimulus gispld their impact on the
mfVECP and reviews the extent of the stimulated fietdview used in recently

published work.

It aims to compare mfVECP responses to cathode ray(€@R&) and Liquid Crystal
Display (LCD) projector presented stimuli and to detaesnthe optimal field of view

of stimulation.

6.1 Methods of Stimulus Delivery

Multifocal electrophysiology is most commonly perfodray presenting the stimulus
on a cathode ray tube (CRT) monitor. Other modes wiudlis presentation have been
employed in multifocal electrophysiology including LEDnstilation for mfERGs
(102;141).

The commercially available RetiScah multifocal system produced by Roland
Consult uses a scanning laser ophthalmoscope (SLO)iterdigde stimulus directly
on to the retina (98). Virtual reality goggles or shutjeggles have been used to
present stimuli dichoptically in order to reduce the tiraquired to test both eyes
(17;103-108). The LCD projector has been used extensively irdépartment for
clinical MfERGs (64).

The relative merits of two locally available modestrihulus delivery are compared
in Table 6.1:-
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CRT LCD projector system

Becoming less readily available as LCD Projector readily available, screen

screens replace CRT monitors. custom made.

CRT monitors were readily available 10 LCD screens are increasingly widely

years ago. available.
Can present many different stimuli. Can present maffgrdnt stimuli.
Luminance and contrast can be varied. Luminance and cocérabe varied.

Stimulus presentation rate fixed at 75HzStimulus presentation rate fixed at 75Hz

or manufacturer specified rate. or manufacturer specified rate.

Maximum size that can be viewed A larger field of view can be stimulated.
comfortably is restricted to ~ 4bf

whole visual field.

Resolution of 640x480 pixels to Fixed resolution of 800x600 pixels.
1024x768 pixels, typically.

Luminance profile Luminance profile
Luminanct ~2 me Luminance
>
«—

A
v

13.3m:
13.3m:

Table 6.1The relative merits of two locally available modes of multifocadudtis

delivery,
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6.2 The Cathode Ray Tube

Until recently the cathode ray tube or CRT monitdhes most common method of
presenting the stimulus. It is now being replaced by ISCi2ens but has been widely
used in the past.

The CRT image is formed by the incidence of an electe@mbon a phosphorescent
material. Electromagnetic coils deflect the beammftbe left to the right of the screen
for each line and from top to bottom in a raster durindhdeame or period of the
refresh rate. Beam deflection is controlled by a tirase generator in the display unit.
The computer supplies synchronising pulses for the timelgeserator. The
brightness of the beam is controlled by the streamixal data which the computer
supplies for each line of the raster.
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Figure 6.1Cathode Ray Tub@opied from Wikipedia with permission under GNU
Free Documentation License)

A key feature of the CRT monitor is the ability to keaesponses with a high refresh
rate of the monitor. This is typically 75Hz, which pernthe study of the non-linear

aspects of multifocal responses. The fast stimulata also allows a large number
of averages to be acquired in a short period of timegllyeenhancing the signal to
noise ratio. 75Hz translates to a frame period of 13.3ms.
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6.3 Liquid Crystal Display Projector Delivery

Liquid crystals exhibit the properties of both solids aitpuitls and are nearly

transparent. Transmitted light becomes aligned wighatfientation of the constituent
molecules. Applying a voltage to the liquid crystal chantde molecular orientation

and hence the alignment of transmitted light. Placingrmahg filters on either side

of the liquid crystal means that the application oreabs of an applied voltage can
control whether light is transmitted or not.

LCD (liquid crystal display) projectors commonly contttinee separate LCD panels,
one each for the red, green, and blue components ahdgeisignal. A halogen lamp
emits light with an ideal colour temperature and a dro@lour spectrum that is split
by a prism. As each colour or frequency band passes thrtheghCD panels,
individual pixels can be opened or closed to transmit @ckbithe light, respectively.
This modulation produces the image that is projected ahecscreen by allowing
many different shades from each colour LCD panel.

6.4 Luminance Profiles

Like the CRT, the LCD projected image is produced on terdmsis. However, the
luminance of the pixel remains constant until the rasteirns to it to update it with

new information for the next frame of the stimulatio

Raster times are different in CRT and LCD displayd # is necessary to adjust the
cross-correlation process to correct for these @iffees. This capacity is incorporated
into the EDIU Multifocal System software.

The pulse width for a CRT system is dependent on the ¢ypehosphor and is
typically 2msec whereas the LCD projection systendpees a longer pulse, which is
dependent on the base period of the stimulation rage 1B8.3msec for a 75Hz

stimulation rate).
LCD projectors can provide higher stimulus intensity amddeer field of view.

There is a fundamental difference between the fygtess, as has been illustrated by
slowing the rate of stimulation during mfERG recordin@9)( m-sequences are
slowed by inserting filler frames. A filler frame isngly a frame in which the m-
sequence does not move forward. The stimulus appearsangesh and therefore
slowed. When this happens, the CRT monitor will delivegrées of pulses at 13.3ms
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intervals for an extended ‘ON’ period, while the LCD Iwdkliver a constant high
luminance for the same duration. The mfERG response2dlack — 2 white filler
experiment is illustrated. It shows a characterispilitting of the main complex with
the CRT stimulus due to two on-pulses. The splittirgoisent from responses evoked
by the LCD stimulus.
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Figure 9. Concentric ring analysis of the inserted full field flash response from (a) the CRT
stimulus and (b) the LCD stimulus, In the concentric ring analysis the top trace is from the
centre and the bottom trace is from the outer ring. The splitting of the main complex with the
CRT stimulus is not present with the LCD stimulus.

Figure 6.2Reproduced from Keating et al 2001 (99) with permission.

Gawne & Woods (142) investigated the effect of CRT vessgsnstant luminance
stimulus in primates and discovered differences in tlokexy responses when pulses
or flash duration was 10ms or less. While the base period @bHz stimulus
presentation mode is 13.3ms, the luminance profile oCRR& changes over shorter
time periods. We may therefore expect to see diffeent mfVECP responses based
on the type of stimulus presentation method.
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6.5 Stimulated Field of View

Increasing the field of view (FOV) during mfVECP recordimggentially allows us
to test the function of a greater proportion of theusai field. Simultaneously
maintaining the same stimulus geometry reduces theut&solof visual cortex

function mapping and increases the likelihood of dipoleekation.

Wide field stimulation has been successful used in tfieR@, where it has been
shown to identify peripheral retinal toxicity in patie receiving vigabatrin for the
treatment of epilepsy (60). It was concluded that thesigeity of the standard
MfERG, classed as a stimulus of less thah é@meter of the FOV, would be

unlikely to improve on the accuracy of the simple fidld flicker ERG.

It has been observed that ‘..the mfVECP only givegelaesponses to central foveal
stimulation, which limits its usefulness in detaileduaikfield mapping. A number of
factors account for the strong foveal and weak periphefdECP (and VECP in
general): the higher concentration of receptive fiaidseintral foveal retina; the larger
striate cortical generator area for the foveal andfpeeal projection; the posterior
location and radial orientation of dipoles for cehtiaveal stimulation. The latter
factor maximises the foveal VECP, since the VECP peet@lly records radial
currents; the anterior and more tangential dipoles whigpresent peripheral
stimulation produce smaller VECPs.’ (11)

Despite this, current literature indicates that mfVE®Bve been recorded from fields
of view ranging from 6 of radius to 40.5 Table 6.2 indicates the fields of view used
by both the larger mfVECP research groups as well asetheed in some smaller

groups.
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Field of View (radius)

Publication

16°

James AC (17)

MfVECPs recorded using close packe
scaled hexagonal regions filled with g
black and white triangular pattern whid
was 42 by 42. (radius 21)

j®N

Hasegawa & Abe (143)

21.r

Fortune B & Hood DC(109).

Hood and co-workers use a radius o
22.25

Hoodet al(14;19;144,;145).

22

Hoffmanet al (120).

24° radius with tggonasal step reaching Grahammet al (68)
26°. Grahamet al 1999(70)
27°. Grahamet al 2000 (71)

The ObjectiVision™ system is used with
a 26 radius field of stimulation with an
additional nasal step out to 32

I

Goldberget al (67) 2002.

Martinset al 2004 (116) used 26wvith no

26° .
mention of a nasal step.
Hoodet al varied the field of view(146),
6-40.5 This used 16 regions in the dartboard
stimulus rather than 60.
8° Wanget al (11)

Table 6.2The range of fields of view used to stimulate mfVECPs.
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6.6 Experiment 1 —-mfVECP responses to CRT and LCD Projector Blivered

Stimulation.
6.6.1 Aim

To compare mfVECP responses when delivered by CRT and LGériwrs.

6.6.2 Introduction

This experiment will be sub-divided. Experiment la dessrilthe luminance
matching of the CRT and LCD displays. Experiment 1b ptesenfVECP
acquisitions made using the CRT and LCD displays forustisndelivery.

6.6.3 Experiment 1la — Luminance Matching
6.6.3.1 Methods

A high-luminance CRT monitor (Richardson Electronics, WWgs set to its highest
luminance and the luminance of the LCD projection systes adjusted to match it
as closely as possible. Luminance measurements were wmidea regularly
calibrated (147) spot photometer (Minolta LS-100, Minolta Can@ws. LTD, Japan),
using the instantaneous luminance measurement settingd-faiempheral ring on a
40° stimulus was chosen to standardise the luminance beetilie two systems. A 60
hexagon mfERG flash stimulus was used to perform thenlmmse measurements, as
the hexagons gave a larger region on to which to focusuthmance meter. The
checks on the mfVECP dartboard stimulus were too sroathdke a measurement

without partial area effects.

6.6.3.2 Results

Horizontal and vertical luminance profiles are depiateligures 6.3 & 6.4.
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Figure 6.3Horizontal luminance profiles for LCD and CRT screens.
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Figure 6.4 Vertical luminance profiles for LCD and CRT screens
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Luminance is not uniform across the whole field of viewth both the CRT and LCD
projector system showing higher peripheral luminancewiite regions and lower
peripheral luminance for black regions.

Luminance profiles were matched as closely as possibleever they were limited
by the resolution of the LCD projector settings. Asesult, the LCD projector
remains brighter (average white luminance = 1141é&j.than the CRT screen

(average white luminance = 873cdm

Recommended luminance levels for the mfERG are 100-208dol/rbright regions,
50-100 cd/rhfor dark regions with a mean background luminance of 50-100%cd/m
(63).

The Standard for acquiring VECPs (Z0ggests a minimum luminance of 80 cti/m
for white regions. It does not state a maximum, busdate a minimum contrast of

75% and suggests that luminance should be constant to @@¥%n

Our LCD projection system showed a maximum variatior2¥o, while the CRT

showed a maximum variation of 16%.

CRT contrast, as calculated by Equation 6.0, varied from &3e periphery to 64%
centrally.

LCD contrast varied between 98% at the periphery to 49%6atky.

Contrast:M (30) Equation 6.0
(LMaX + I‘MIN)

Both systems therefore comply with the ISCEV VEC&hdard in terms of luminance
variation, but are below the recommended contrasislesentrally. Luminance was
matched as closely as possible, but the resolutionwhibh modifications could be
made prevented good agreement and left the LCD projectwridpd brighter

stimulation.
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6.6.4 Experiment 1b — Comparing CRT and LCD Presented Stimulin the
mfVECP

6.6.4.1 Methods

mfVECP responses were recorded from four normal, healtdtiynieers with no
known ophthalmic or neurological conditions, using tHelW&E Multifocal System.
Subjects were optimally refracted using their own spéxtaand their pupils were not
dilated. Recordings were monocular. Stimulation wasvigeal by a 60-region
dartboard pattern. Each region contained a 4x4 black ane whmwickerboard pattern
and the size of the regions was scaled for cortiegmiication.

M-sequences of length m=12, 13, 14, 15 and 16 were used to driveatieen
reversal of the stimulus regions at a rate of 75Hzyuisition time was approximately
1, 2, 4, 8 or 16 minutes depending on m-sequence length. Thisliwded into 30
second overlapping periods to allow the subject to blink astgl ireorder to maintain

good fixation.

mfVECPs for each m-sequence length were repeated witlstimulus presented on a
CRT monitor and projected onto a screen with an LCDeptoj. Luminance and
contrast details were reported in the previous sectiorboth cases, the stimulus

subtended 20°sf radius of the visual field.

Ag/AgCIl electrodes were placed 4cm above the inion, 4étmaed right of the inion
and 1cm below the inion on the midline. Acquired channelse Channel 0 = 4cm
above the inion — 1cm below the inion, Channel 1 = 4cnofdfte inion — 1cm below
the inion, Channel 2 = 4cm right of the inion — 1cm betbe inion and Channel 3 =
4cm left of the inion — 4cm right of the inion, sinitd the montage employed by
Hood et al (19). A reference electrode was placed at Internatib®s20 position |
and a ground electrode was placed on the temple. Eledtnpegelances were matched
and below 5R. The skin was prepared with abrasive gel and the etedraffixed

with conductive paste.

Signals were sampled at 1200Hz recorded with a 0.1 to 100Hagaeafilter and
filtered through a 3-30Hz digital bandpass prior to crossetaiion.
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Signal to noise ratios were calculated using the Deagliience characterisation of
noise described in Chapter 4, and the signal window was tekd5-150ms.

The cut-off used to identify a SNR as indicative of adetble waveform was the ®0
percentile of the distribution of SNR values calculaten the noise estimations,
providing a specificity of 90%.

In order for a stimulating region of the dartboargtoduce a detectable waveform, it
must produce a signal to noise ratio above the cutrofitileast one of the four
recording channels. The maximum number of detectable wamefdrom four

recording electrodes is therefore 60.
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6.6.4.2 Results — Experiment 1b

It was not possible to complete the m=12 recording ferafrthe four volunteers. All
other recordings were successfully completed.

mfVECP responses using CRT and LCD stimulation differ.

Figure 6.5 shows Channel O (4cm above the inion -1cm bdiewinion), m=16
recordings.

Points of note include:-

* Subject JC shows clear central waveforms in the righhifield on CRT
recordings that are almost absent on LCD. This logaisohighlighted by

arrow A.

* Subject DK shows clear waveforms on the lower left castdfof trace array)
of the CRT response that are absent on the LCDcatetl by arrow B.

» Subject DK — upper hemifield — third ring, counting from insideves small
waveforms on LCD stimulation that are missing frorRTC Indicated by

arrow C.

* Subject GA — there are lower field locations (just betbe midline) which

show waveforms on LCD but not CRT. Indicated by arrow D.

* Subject AM has trace arrays that are, in the mairy, sinilar. However there
is a peripheral region stimulating the lower field voéw which evokes a
response with the CRT but not the LCD.
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Number of signals detected using LCD projected
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Figure 6.6 The number of detectable waveforms achieved with LCD vs. CRT
stimulation is plotted. The solid line is the line of equality.HEseries of data
indicates the use of a different m-sequence length. Each datapointtoeters
healthy volunteer and summarises the trace arrays from the four recaildamypels

Figure 6.6 encompasses all the data acquired in this exgerifBach data point
indicates the number of waveforms that were detectaliienwstimulation was
performed with the LCD stimulus, plotted against the nunolbevaveforms detected
when the CRT was used. The solid line indicates the fiegality. Points to the left
of the line indicate better waveform detection with L&fmulation. Points to the
right indicate better performance with CRT stimuati Each series indicates

acquisitions made with a different m-sequence length.

As the m-sequence length increases, the number of degegtabbeforms increases
for both CRT and LCD stimulation.

There is some scatter about the line of equalitycatthg that there is no clear cut

answer to the question of which mode of presentationpsror. However, when m-
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sequences are of length m=15 or 16 (green squares and piarées, respectively),
the data points tend to lie to the right of the lingggesting better performance with
the CRT.

An Anderson Darling Normality Test was performed to foa whether the SNR
values were normality distributed. With both datasg@&®T and LCD), the test
returned a p-value of <0.001 indicating that the null hypsiththat the data are
normally distributed can be rejected. Non-parametritstevere therefore used for
further analysis.

The median SNR value for an m=16 recording was 1.5093 foCRE dataset and
1.3603 for the LCD dataset.

The SNR values for each stimulus region, channel ahchteer were compared using
a Wilcoxon signed rank test. It rejected the null hypsith¢hat the samples came
from the same distribution at the p=0.01 level.

The same analysis was repeated for the m=15 recordihgstiffie the median SNRs
were 1.2332 and 1.2256 for CRT and LCD stimulation, respectiély Wilcoxon

signed rank test was not significant at the p=0.05 level.

6.6.4.3 Discussion

The choice between using an LCD projector or CRT roondt deliver the mfVECP
stimulus makes a slight but significance differencescordings of m-sequence length
m=16, in terms of signal quality and detection.

A significant difference in SNR was not seen with m=1&ordings, possibly due to
the higher noise contribution in these signals.

Beyond differences in sighal amplitude or SNR, diffeemnare identified in the
presence or absence of some waveforms and the wave$hage.differences are not

seen throughout the whole trace array.
6.6.4.4 Conclusion

The CRT evokes a very slightly stronger signal, theréherefore, no reason to
recommend the introduction of the LCD projection sysiata mfVECP practice,
unless there is a requirement to stimulate very laedps of view.
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6.7 Experiment 2 - mfVECP Field of View
6.7.1 Aim

To determine an optimal field of view for stimulation chgrithe recording of the
mfVECP.

6.7.2 Methods
mfVECPs were recorded with stimulated fields of viewlof 20, 30 and 40radius.

mfVECP responses were recorded from 10 normal, healtloyteers with no known
ophthalmic or neurological conditions, using the EDIU WMaodtal System. Their
mean age was 34.5 years (standard deviation 12.4 , range 23thffgcts were
optimally refracted using their own spectacles and theirlpupere not dilated.
Recordings were monocular and made from the right eye.

Stimulation was provided by a 60-region dartboard patterch Ezgion contained a
4x4 black and white checkerboard pattern and the size oethens was scaled for
cortical magnification. The stimulus was back-projectetb @hscreen using an LCD
projector. The stimulus subtended’1QC° 30° or 4C radius of the visual field. The
luminance of white areas varied across the screen 7&8rcdn? to 960 cdrif and
black areas varied from 6 cdfmto 162 cdrif. Contrast varied from 99% peripherally
to 64% at the centre of the screen.

The field of view was varied by altering the subject to extidistance.

An m=15 bit m-sequence was used to drive the pattern réwefrdhe stimulus
regions at a rate of 75Hz. Acquisition time for eaehording was approximately
eight minutes, divided into 30 second overlapping periods tw défle subject to blink

and rest, in order to maintain good fixation.

Data was recorded from midline bipolar channels as follawd incorporates a
selection of electrode positions used by Hetdl (19) and Klistorner and Graham
(16):

Channel 0 = 10% above the inion — 30% above the nasion, Fz.
Channel 1 = 2cm above the inion — 6cm below the inion,

Channel 2 = 2cm above the inion — 4.5cm below the inion,
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Channel 3 = 4cm above the inion — the inion.

Ag/AgCI electrodes were used and impedances were matchebdetowd 5K2. The
skin was prepared with abrasive gel and the electrodesdifivith conductive paste.
A reference electrode was placed at International 10-2tiggo F, and a ground

electrode was placed on the temple.

Signals were sampled at 1200Hz recorded with a 0.1 to 100Hagaeafilter and

filtered through a 3-30Hz digital bandpass prior to crossetaiion.
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6.7.2.1 Analysis

SNRs were calculated using the DeadM approach to nb@aadaterisation, described
in Chapter 4. A cut-off was determined, below which a vicave was not considered
detectable. The cut-off was selected to provide a spigifof 90%. The signal

window was taken to be 45-150ms.

6.7.3 Results

Technical difficulties prevented completion of the prologith one subject. Analysis
is therefore based on data from n=9 subjects.

Figure 6.7 shows an example of mfVECP responses to atiowlof the four fields
of view in a single subject from Channel 0 (10% of the magi®mn distance above
the inion referenced to,f In the top right corner, is the numbering systenduse
identify the regions of the stimulus and their corresiiognwaveform responses.

From this, several observations can be made:

« Waveform 54 in the FOV=I0recording can be seen to contribute to
Waveform 59 when the FOV is expanded td® 2hd the central region

stimulates to a greater eccentricity.

 Waveform 32 in the FOV=30recording can be seen at location 44 in the
FOV=40 recording.

* Recognisable waveforms can be seen in some peripheraiopssior
recordings made with a field of view up to°30he most eccentric waveforms
in the FOV = 40 recording do no contain clear mfVECP responses, in this

individual, for this recording channel.
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Figure 6.7 An example of the changes seen
in the trace array as the radius of the FOV
was increased from 1o 40°. All trace

arrays were acquired from the same subject
with Channel 0. Waveforms which appear
peripherally on the small FOV recordings
can be seen more centrally on larger FOV
recordings, as expected. The inset in the top
right corner is the numbering system used to
identify the regions of the stimulus and their

corresponding waveform responses
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For the subject whose data are shown in Figure 6.7, th&bew of detectable

waveforms seen with each FOV acquisition is showFaible 6.3.

In this subject we see a trend towards a greater propafithe waveforms being
detectable above noise as the field of view increadeeTdoes not appear to be any

benefit to increasing the FOV from 3 4C.

Data for the peripheral ring indicates that Channel 8 waable to acquire any

detectable signals from the most peripheral stimulatig

Whole Trace Whole Trace Peripheral Peripheral

FOV Array Array Ring Ring
Channel 0 All Channels Channel 0 All Channels
10° 17 (28%) 39 (65%) 3 (25%) 5 (42%)
20° 11 (18%) 37 (62%) 3 (25%) 6 (50%)
30° 26 (43%) 49 (82%) 4 (33%) 7 (58%)
40° 26 (43%) 49 (82%) 0 (0%) 6 (50%)

Table 6.3The number of detectable waveforms in the trace arrays acquired with
increasing field of view (FOV) is shown for a single subjectal@a¢ presented for
the whole trace array of 60 waveforms and for the peripheral ring whiclaiceni 2
waveforms.

Figure 6.8 shows the relationship between the number oftdbkeavaveforms from

the whole trace array and the field of view of stiatidn. Data are plotted for each
volunteer and for the average of the volunteers. &herclearly a wide range of
individual relationships, but the overall trend is faglight increase in detection rates

with increasing FOV, up to 3®f radius.

A similar plot was created for the peripheral wavefsronly. A drop in detection was

seen when the stimulus was increased food@adius.
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Number of detectable waveforms (maximum 60)

Number of detectable waveforms throughout the whole trace array against the FOV of acquisition
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Figure 6.8 The number of detectable waveforms in the whole trace array teglagainst the field of view of acquisition.
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6.7.4 Discussion

Reducing the FOV increases the local spatial resolutiainlecreases the volume of
visual cortex and therefore, possibly the size ofaigmeasurable.

Data presented here suggests that there is no bengiiréasing the FOV over 30
As the FOV increases, the area that each stimulusrnregmulates increases and it is
possible that dipole cancellation occurs. It is alscsibées that the signal from very
peripheral areas is too far from the occipital polédareliably measured with these
recording electrodes.

6.8 Reproducibility

There is a small overlap of data between the invegiigabf CRT and LCD stimulus
presentation and the optimal FOV. Two volunteers weareolved in both

experiments.

Channel 0 data in the CRT vs LCD comparison was acqfriveda bipolar electrode
channel with the signal 1cm below the inion subtractednfthat measured 4cm
above the inion. The stimulus subtended 20f3he visual field. Using the recording
made with the LCD projector delivering the stimulus, ttasi be compared to data
acquired with Channel 3 during the FOV experiment wher@¥ was 20. Channel
3 acquired data from 4cm above the inion — the inion. Beer electrode was
therefore 1cm higher in the FOV dataset than the CRTGB dataset and the

stimulated field of view was different by 0.5f radius.

The waveforms are not identical, but indicate realsleneeproducibility, bearing in
mind the small differences in recording parameters. Tlgsegeof similarity was seen
in both subjects and is illustrated in Figure 6.9.
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Figure 6.9 Reproducibility of waveforms.

Top Trace Array Data acquired during the CRT vs LCD comparison. Recording
parameters were as follows: FOV= 20, Bipolar recording channel, 4cm above the
inion - the inion., presented via an LCD projector, 75Hz stimulationaattan m-

sequence length of m=15.

Lower Trace Array Data acquired during the FOV experiment. Recording
parameters were as follows: FOV= 2Mipolar recording channel, 4cm above the

inion - 1cm below the inion, presented via an LCD projector, 75Hz stilonlrate
and an m-sequence length of m=15.
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6.9 Stimulus Delivery Discussion

The luminance used in this experiment was higher thaansmonly used elsewhere
(70;129). Schimitzek & Bach (148) investigated the effect ofiamce on the
MfERG and found a linear increase in response density lwittinance, up to
700cd.n?. They indicated subject discomfort at 700cd.nbut that was not our

experience.

The luminance and contrast of the CRT and LCD projectedjés were matched as
closely as possible, but there remained differenceseeetwthe displays and a non-
uniformity across the screen in both cases, possitdingras a result of scatter, or in
the case of the CRT, of phosphor burn in the cerittieeoscreen.

To date, luminance levels have been measured in terotsofif for the ERG (149)
and in cd.rit for the VECP(27) and the mfERG (63). The use of the fimegrated
unit for the ERG is advocated because flashes are reendad to be less than 5ms in
duration (149) and ‘temporal integration of the neuronal Vipaghways is longer
than the flash produced by a xenon flash tube’(147). Thefuse.nm? for the VECP
and mMfERG is appropriate when all users employ stimptesentation techniques
that have the same luminance profile; however it negylt in difficulties when new

stimulation methods are used.

As discussed in the introduction, the luminance profila &RT screen with a 75Hz
frame rate can be approximated as a 2ms square wave qjuligh luminance
followed by 11.3ms of low luminance. This ‘flash’ duratianaf the order of the
duration of an ERG flash stimulus, and so it may beensonsistent to use the unit of
cd.s.n¥ for all visual electrophysiology standards.

To illustrate the impact of differing luminance profilegnsider a mfERG stimulus
presented either by a CRT monitor or LCD projector systeamech hexagonal region
has a 50% probability of being a 1 (high luminance) at @oipt in time. Over a

period of 1 second (75 frames), this region will be white3fb.5 frames or 0.5sec, on

average.

Assuming a nominal peak luminance of 100c¢8for both a 75Hz CRT and a 75Hz
LCD projector delivered stimulus, and idealised square vpawéles in both cases
(see Table 6.1), the time integrated luminance with be:
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CRT
Time integrated luminance = High luminance x time on
= High luminance x frame duration x no. of frames
with a white region x fraction of frame during which
luminance is high.
= 100 cd.nf x 37.5 x13.3x10-3 s x (2/13.3)
= 7.5 cd.s.nf
LCD
Time integrated luminance = High luminance x time on

= High luminance x frame duration x no. of frames
with a white region x fraction of frame during which

luminance is high.
=100 cd.nf x 37.5 x 13.3x10-3 s x (13.3/13.3)
= 50 cd.s.nf

There is significantly more energy incident on theneetduring stimulation via an
LCD projector, however, the mfVECP is a response ttepareversal rather than
luminance and so we should not expect to see a sigrilficgieater response to the
higher levels of incident energy provided by the LCD pitojec

Bearing in mind the variation of stimulus presentatiantéques presently available,
it may be worthwhile for the next revision of mfERGarglards to consider
recommendations, either in terms of temporally intesgtduminance, or by making

specific reference to luminance profiles.

In addition to the difference in incident energy, thetdbution of ON and OFF
responses will differ. With CRT stimulation, an ONpesse will be evoked at the
beginning of each frame, with an OFF response being evokes I2ter. LCD

stimulation does not provide ON and OFF responses inwhig and provides

contrast reversal stimulation only.

Furthermore, different LCD projectors have differamhinance profiles and this may
cause inter or even intra lab differences. If a né@DLprojector is introduced to a
laboratory, the luminance profile should be checked and amahpaith that of
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existing LCD projectors. Where a significant differeneseen, it may be necessary to
re-acquire control data.

Experiment 2 varied the FOV of stimulation, but maintditbe same geometry
throughout. As a result, the checksize used in eacbrirégcame larger, as the FOV
became larger. It is likely that refining the checksiae dach region of stimulated
visual cortex is important for maintaining good responsesnfiover the FOV.
Hoffman et al (120) investigated optimisation of the mfVECP and found an
eccentricity dependent difference in the responses tterpainset, with larger
amplitudes being seen centrally when a pattern-onset nespeas used, while a
pattern-reversal elicited the greater responses frerpehphery.

A complementary set of experiments could increasdi¢ie of view by introducing
new rings to the dartboard stimulus and thus maintairséinge check-size for inner
rings throughout the series of acquisitions.

The FOV investigation differs from other research beeathe LCD stimulator was
used whereas all others use CRT stimulation. This usithad extensive experience
and success with LCD stimulation when performing wigefmfERGs, which lead
us to select the LCD projection system for mfVECP &ifjons. However, it has
been shown here that for mfVECP acquisitions witseguence length of m=16, the
median SNR was slightly but significantly higher. Sitise mfVECP is such a small
response, all advantages in signal detection must bialcagd. CRT stimulation
should therefore be the method of choice.
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6.10 Stimulus Delivery Conclusion

In multifocal electrophysiology, the recovered signalligypidas been shown to be
better when a CRT monitor is used to deliver the stimwhiker than an LCD
projector. The mfVECP is a small signal presenting ehagks for signal detection
and the use of a CRT monitor presented stimulus is neemued.

A range of fields of view have been stimulated during B®P recordings. Data
presented here is the first to use a 60-region dartboaterrpdab investigate the
optimal field of view. It was found that signals couldrbeovered out to a radius of

30° of the visual field, but that the detection of wavefsimeyond that was poor.

All the investigations performed in this chapter have highdidithe need for normal
ranges which are specific to the precise protocol andoewart used in individual
laboratories.

A small overlap in the volunteers used in the CRT @Dland FOV investigations
allowed a brief look at reproducibility. The trace arralgew significant similarity but
are not identical. There is a greater degree of vanidtian that seen in the data
acquired in Chapter 4 with increasing m-sequence length darsiggle recording
session. This is in keeping with the fact that the tatasets had slightly different
recording parameters and were recorded during acquisitesioss separated by
several months. If the mfVECP is to be used for visfield assessment in
longitudinal studies, reproducibility should be investigateatanthoroughly using
exactly the same recording parameters on the same gfsupjects on a number of

occasions.

Having established the appropriate technology for presetiteagnfVECP stimulus

and the extent of the visual field which can usefullyrbeestigated, there remains a
wide range of parameters which are intrinsic to the udtimm and are ripe for

optimisation. To name a few, these include stimulus g@&gmthe number of regions
used, the number of checks per stimulating region, t@ours, whether pattern-
reversal or pattern-onset is more useful and the attehich the pattern-reversal
occurs. From this extensive list, the rate of patteueirsal of a 60-region dartboard

stimulus has been chosen as the topic of investigatitdreinext chapter.
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7.0 Introduction

Several publications have demonstrated that the rafeskntation of the visual
stimulus has an impact on the size and signal to maige of the recorded mfVECP.

The conclusions, however, are varied.

Martins et al (116) discussed the impact of stimulation rate on mf\VEg&formed
with blue-yellow stimuli, to most effectively isoatthe responses of the S cones
(short wavelength sensitive cones). Stimulation rate§5z and 37.5Hz were
employed and the latter produced responses of greatertweplind decreased
latency. Martins compares her results to recordings tegpan an ARVO poster by
Balachandran (117) that were made using a black and winitels$ with a reversal
frequency of 25Hz. Balachandran’s data exhibited a reductonamplitude
(presumably in comparison with a standard stimulatite o 75Hz). She goes on to
suggest that the increases seen in the amplitude okdperse to 37.5Hz pattern
reversal of an iso-luminant blue-yellow stimulus are ttuéhe blue-yellow pathway

being a slower channel.

Fortuneet al (109) compared conventional VECPs and summed mfVECP resgpons
These were found to differ in three ways; the conveati?ECP shows a greater
asymmetry in upper and lower field amplitudes, the impticies of the conventional
VECP is longer and a polarity reversal seen in the EGWV is not evident in the
cVECP. The same paper investigated the effect of stiioul rate, employing rates of
the standard 75Hz as well as 9.4Hz and 4.7BHecreasing the frequency of
stimulation in five subjects resulted in significantlyger waveforms. It is suggested
that this is due to changes in the state of contragptatitzn and the possible
contribution of evoked response components to other stimatludutes such as
motion onset and offset. It is hypothesised that thesrg¢ors of the responses to
cVECP and mfVECP are different and that slowing thendation rate of the
mfVECP shifts the balance of the generators towamtsetiof the cVECP. It is argued
that the mfVECP principally arises from V1 whereas ¢tMECP is more heavily
influenced by extrastriate contributions.

Fortune et al also illustrated polarity reversal at normal stiniola rates which
disappeared at slower rates. Slowing stimulation rate st@®wn to increase both

amplitude and latency of mfVECP responses (109).
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Extensive work has been performed by James AC and hisagabs
(17;104;114;115;150;151). They employ a different approach to stimulbased on
presenting a contrast stimulus for a single framehvah interstimulus interval
between 0.4 and 0.6 seconds. Using a goggle system forustichelivery, contrast
stimuli appeared to the right eye, left eye or botise¥ach of the three conditions is
repeated 73 times within a 109 second stimulation period arahd®mly shuffled
according to a uniform pseudorandom distribution. This apprdah shown
considerable increases in signal amplitude compare@ritnaous pattern reversal
used in other multifocal VECP recordings. They suggestthisis due to adaptation
of the response to contrast during pattern reversal.

Turning to the MfERG, Smitlet al (152) showed that increasing LED stimulus
presentation rate from 77Hz to 500Hz reduced the amplitutleeatecovered signal
by a factor of five. Central photoreceptors were affécto a greater degree than

peripheral photoreceptors.

While a viewer cannot discern individual flashes above ve@rgifrequency (the
critical-flicker-fusion frequency), this should not be ddesed a limitation to
electrophysiological testing. Different sub-units of theual system are capable of

responding more quickly.

The frequency spectrum of an m-sequence contains a sédexiete submultiples
of the presentation frequency (92;152). Therefore, the 50GHaulation rate
described in Smitket alincludes stimulation at 250Hz, 167Hz, 125Hz, etc.

The response to 500Hz stimulation is therefore made upesgonses to lower
frequencies too. In this case, only 1% is contributed by 75Hmveer, while over

87% of the stimulus is over 125Hz. This means that thersignificant contributions
to frequencies over 125Hz in the multifocal photoreceptsponse. These
contributions cannot be fully accounted for by photoresptoming out of their
refractory period.
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7.1 Aim

The aims are to investigate the impact of stimulatiate on the mfVECP by

answering the following questions:

* What changes in waveform responses are seen witarehtf stimulation

rates?

*Is the use of a SNR value calculated over a time windefined after
inspection of data acquired at 75Hz appropriate when ativaulation rates

result in changes in waveform latency?
» Can SNR be improved by decreasing stimulation rate?

* Does this allow differentiation of a greater proportidnwaveforms from

background noise?
* How are the central waveforms affected by changesmuktion rate?

* There are some areas of the visual field from whias difficult to obtain a
MfVECP response greater than background noise. Does nbathgi rate of
stimulation allow a better detection rate of respsrisethe 60 regions of the

stimulus?
* If gains can be made, which parts of the visual field ft@ne

* Finally, if a portion of the visual field can be shownetvoke a greater number
of detectable waveforms for a specific stimulation ,réi@wv reproducible is
that finding throughout the group of normal volunteers?

7.2 Methods

mfVECP responses were recorded from 13 normal, healtloyteers with no known
ophthalmic or neurological conditions using the Active@Telectrode and amplifier
system integrated with the EDIU Multifocal SystemllFletails of this system are
given in Chapter 8.

Signed consent was obtained after the experimentalquidtad been fully explained.
Ethics approval was obtained from the West of GlasgogalBthics Committee.
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Subjects were optimally refracted using their own spétand their pupils were not
dilated. Recordings were monocular. Stimulation wasvigeal by a 60-region
dartboard pattern. Each region contained a 4x4 black ane whmwickerboard pattern
and the size of the regions was scaled for corticegmtfication. The stimulus was
back-projected onto a screen by an LCD projector and rsidxlea 22 radius of the
visual field. The luminance of white areas varied actbssscreen from 903 cdmto
1384 cdrif and black areas varied from 12 céinio 309 cdrf. Contrast varied from
98% peripherally to 49% at the centre of the screen.

Each subject underwent a series of eight mfVECPs dews. The stimulation rates
were 75Hz, 37.5Hz, 25Hz, 18.75Hz & 12.5Hz using m-sequence lengtiingdrom
m=12 to m=15 in order to maintain reasonable recording timdisdétails are given
in Table 7.1. Recordings have been labelled A-H with eiasing stimulation

frequency and then by increasing m-sequence length.

Recording M-sequence length (bits)Frequency (Hz) Time (mins)

A 13 12.5 12
B 13 18.75 8
C 13 25 6
D 12 37.5 2
E 13 37.5 4
F 13 75 2
G 14 75 4
H 15 75 8

Table 7.1Table showing the combination of stimulation frequency, m-sequence
length and the recording time for eight mfVECP recordings, A-H.

The stimulation rates employed allow a greater senqf their impact on waveform
responses than those presented by Mastnal (116), and investigate a different
range of frequencies from those studied by Forairs (109).

Stimulation rates of less than 75Hz were achieved lgrting ‘filler frames’. Instead
of moving forward in the m-sequence every refresh periatieot.CD projector, the
stimulus remained unchanged for 2 frames, resulting imalation rate of 37.5Hz, 3
frames (25Hz), 4 frames (18.75Hz) or 6 frames (12.5Hz).

189



Chapter 7 — Rate of mfVECP Stimulus Presentation

The order of each recording was randomly varied frolmesti to subject, in an

attempt to average out effects of fatigue.

Acquisition times were divided into 30 second overlappingods to allow the

subject to blink and rest, in order to maintain good fixation.

16 active electrodes were placed at positions indicat&dbie 7.2 below.

Active Electrode Position
No.
1 F
2 G
3 Py
4 P,
5 Py
6 5% of head circumference right of PO
7 PQ
8 5 % of head circumference left of PO
9 5% of head circumference right of O
10 o)
11 0
12 O
13 5% of head circumference left o O
14 5% of head circumference right of the inion
15 Inion
16 5% of head circumference left of the inion
CMS 10% of head circumference left of C
DRL 10% of head circumference right of C

Table 7.2Active Electrode positions
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BioSemi replaces the ground electrode used in conventsystems with two

separate electrodes, the Common Mode Sense (CMS)oelecnd the Driven Right
Leg (DRL) electrode. These two electrodes form a faekilbloop, which drives the
average potential of the subject (the Common Mode vQltage&lose as possible to
the ADC reference voltage in the ADC-box

The CMS electrode is used as the reference for eatttedf6 monopolar recording

channels.

The BioSemi ActiveTwo is DC coupled and low pass fittgris performed by the
ADC. This provides a very wide frequency bandwidth. Signegse sampled at
2048Hz and downsampled to 1200Hz when data was converted tomat for
recognizable by the EDIU Multifocal System for crossretation. Data was then

filtered through a 3-30Hz digital bandpass prior to crossetaiion.

7.2.1 Analysis

A Delphi program was written to calculate the SNR valoé the 60 waveform
responses and 68 noise estimations. The DeadM methodbddsicr Chapter 4 was
used. The period of 45 to 150 msec is used widely as the sigrdw (125).

The SNR for inactive orthogonal m-sequences was ed&mlil From this distribution
of values, the 9 percentile was calculated. Responses to active m-segsievith a
SNR above this detection threshold were identified sigraficant waveform.

It was observed during this analysis that in some cistances, the waveform
appeared to continue beyond the recommended window of 45 tos&é&8mAs a
result, SNR calculations were repeated with a longadew of 45 to 250ms. The
Delphi program calculated the SNR values which were fudhalysed in Microsoft

Excel.

A comparison of the ability of the two different timendows to distinguish between
noise and signal was performed, using ROC curves.

It is worth highlighting the volume of data involved. 12mets each performed 8
mfVECPs. Each mfVECP produced trace arrays from 16 rewprelectrodes and
each trace array contained 60 waveforms. In total, 12x&Q6= 92160 signal
waveforms and 12x8x16x68 = 104448 noise estimations are aediatadnalysis.
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During the presentation of the analysis, a balancebeas struck between data

volume and detail. Data are presented in several fermatalyses employing large

volumes of data are counter-balanced by greater sunanani®f waveform detail.

Full Trace Arrays- 60 waveform trace arrays are presented for a single
recording channel (A10, 10-20 positiop)@or a single subject, for each of the

stimulation rates.

SNR Time Window InvestigatienThe time window over which the SNR is
calculated is investigated using a single recording channelaasthgle
waveform from the trace array, for each of the w&elolunteers. SNR values
were calculated over the periods 45-150ms and 45-250ms. Datanfrl2
subjects is presented for each of the eight recordingll)(An an ROC
analysis. ROC curves use data from a single recordiagneth and all 60

waveforms and 68 noise estimations from each person.

Waveforms in Detail Each subject’s waveforms are presented for thet eigh
recordings (A-H). This is restricted to a single reaogdthannel and a single

waveform from the trace array.

ROC Comparison of Stimulation RatedData presented in the SNR Time
Window Investigation is used to identify the optimal stiatioin rate and m-

sequence length from the recordings described in Table 7.1.

Central Waveform SNR values for each of the central waveforms have bee

plotted for each stimulation rate for n=12 subjectsaretaged over subjects.

Overall Detection Rates Petection rates are calculated using data from all
subjects and recording channels, and plotted against ationulrate. This
summarises the number of dartboard stimulating regibas itesult in a
detectable waveform.

The Locations of Detectable Waveform& summary of which areas of the
visual field produce detectable waveforms has been creatas individual
subject basis for the 12.5Hz recording. The same datagegtiover the n=12

subjects is also presented.
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7.3 Results

Complete datasets were recorded from 12/13 subjects. Detvaded from the
remaining subject was not saved properly due to a problemthétisoftware. Data

from this subject could not therefore be used in subsegumanhtsis.

7.3.1 Full trace arrays — Results and Discussion

Figure 7.1(a&b) presents the full trace arrays acquiredhlayyanel A10 (position £

during each of the eight recordings, for a single subject

Figure 7.1(a) shows all data acquired with an m-sequencélehgt=13 for the five
stimulation rates. The duration of acquisition therefmcreased as stimulation rate

decreased.

Figure 7.1(b) allows a comparison of three pairs tracays acquired at different

stimulating frequencies but in the same acquisition times

Improvements in signal quality can be seen in the fofsmoother waveforms as the

m-sequence length increases.

Some significant increases in signal amplitude wera aéslower stimulation rates.

This is demonstrated at some waveform locations, budlhot

Although difficult to see in Figure 7.1, changes in layewere noted during this level
of analysis, with a trend towards longer latenciesl@ver stimulation rates. In some
cases, waveforms did not appear to return to baselinewell after the 45-150ms

time window used for SNR value calculation was over. Ehigemonstrated in Figure
7.2b.

This observation prompted an investigation into whetherudes of a longer time

window of 45-250ms for SNR calculation would increase 8MR values of

waveforms and therefore increase the number of wawsfohat reach the detection
threshold.
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Figure 7.1(a)Responses to stimulation at five different frequencies from a sinlgject. Data was acquired by Channel A10 and an m=13 bit m-sequence
was used in each case. Acquisition times are noted.
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Figure 7.1(b)Three pairs of trace arrays are shown. In each pair, the recording was the same, but there was a difference in the stimulatioandte

m-sequence length. Data was acquired from a single subject by Channel A10.
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7.3.2 SNR Time Window Investigation — Results and Discussion

ROC curves comparing SNR values calculated using time wsd&wi50ms and 45-
250ms for data acquired by channel A10, from all 12 subject® eanstructed for
each recording and are shown in Figure 7.2. The area thde#5-250ms time
window curve (pink) was never smaller than the area rutite 45-150ms curve
(blue). For recordings A, B and C the area under the fotige window SNR was

clearly larger.

A very small difference was seen in recordings F &@h the longer time window

showing the better results.

D, E and H showed no difference in the ROC area fotvtbetime windows.
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Figure 7.2ROC curves are presented for each of the recordings A-H (Recording
A=12.5Hz m=13, B=18.75Hz m=13, C=25Hz m=13, D= 37.5Hz m=12, E=37.5Hz
m=13, F=75Hz m=13, G=75Hz m=14, H=75Hz m=15). Blue and pink curves
represent SNR values calculated over 45-150ms and 45-250ms, respechioielgf E

the 16 curves uses 720 waveforms (60 waveforms per trace array x é&suand

816 noise estimations (68 inactive m-sequence cross-correlations x &2tsybj

acquired from recording channel A10.

This is consistent with the observations of the precedection, that the waveforms

do not return to baseline until later than 150ms and ki&ncies increase as

stimulation rate is decreased.

There is no evidence in the ROC curves that the ustheoflonger time window
reduces the ability of the SNR value to detect sign®&lfsScalculated over 45-250ms

will therefore be used throughout the analysis in thet ref this chapter.
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7.3.3 Waveforms in Detail — Results

Figure 7.3 shows the change in waveform as stimulatts is changed. Data are
shown for each of the 12 subjects and were acquirdd netording channel A10
(position Q). Every waveform is the response to stimulation fr@gion 58 of the
mfVECP stimulus. The location of this response withia wWaveform trace array is
highlighted in Figure 7.3a

25 ManoVolts 3 5
1 15 14 1
27 26
16 13
28 9 ] 25
5 0
17 40 A0 49 ar 12
29 24
4 36
A1 A7 BE 43
52 5a 59 55
42 47
an 3h
14 43 53 54 L1 23
B 11
Kl 44 45 3
19 22
32 33
7 20 21 10
a |
175 mz

\

Response to
area 58
Figure 7.3aRegion 58 of the mfVECP stimulus stimulates the lower lefoseof the
central visual field. The response to stimulation of this area appa#is the

waveform trace array at the location shown.

Each subject’s data contains waveforms obtained duriry &fathe eight recordings
listed in Table 7.1. The legend indicates SNR values for easteform over the
window 45-250ms.
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Figure 7.3bWaveforms evoked by stimulating region 58 are shown for each recordin@atdiwas acquired by Channel A10. Stimulation
rates increase from top to bottom. (Recording A=12.5Hz m=13, B=18.i#5H8, C=25Hz m=13, D= 37.5Hz m=12, E=37.5Hz m=13,
F=75Hz m=13, G=75Hz m=14, H=75Hz m=15). The legend shows SNR valeegd%250ms. Data are presented for all 12 subjects.
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7.3.4 Waveforms in Detail - Discussion

Figure 7.3b shows considerable inter-individual variationthe waveforms. The

contribution of noise also varies and in some casdarge enough to obscure the
physiological response. In data from subjects DW and P®, &Nues remain below

the detection threshold in all, or all but one ofdlepicted waveforms.

Seven subjects (CC, DB, DK, FM, JM, ML and SD) foll@vsimilar pattern. A
decrease in amplitude is seen with increasing stimulatade and, in general,
latencies are longer for the slower stimulation raf€kis is partly due to the
increasing prominence of a negative trough as the stironledte falls.

Subject SD exhibits an early negative trough at fast@ukttion rates that does not
appear in slower stimulated waveforms. This is not geéme rest of this group.

6/12 subjects show an increase in SNR for each increases@guence length, for the
75Hz stimulation recordings F,G and H.

Comparing recordings of the same duration, i.e. B&H (8)r(i@s18.75Hz, m=13, H
= 75Hz, m=15) B gives the higher SNR in 8/12 subjects.

Similarly, E & G (4mins) (E = 37.5Hz, m=13, G = 75Hz, m=14}l@&ws the greater
SNR in 5/12 cases.

D&F (2mins) (D=37.5Hz, m=12, F=75Hz, m=14) D shows the greaNR in 9/12
cases, although in both cases, only approximately 50%eoivtveforms presented

exceeded the detection threshold.

Inspection of this data confirms that in many caseswenesform has not returned to
baseline by 150ms. This, coupled with the increase in latanhsjower stimulation
rates, prompted the investigation of a longer time winflovealculating SNR values.
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7.3.5 ROC Comparison of Stimulation Rates — Results and Discussion

In order to select the optimal combination of stimolatrate and m-sequence length
from the recordings described in Table 7.1, ROC curvesdoh test were plotted.

These data are identical to that presented in the BB Window Investigation, but
makes use of SNR values calculated over the 45-250mswingow only. Here,
ROC curves for each recording are superimposed for coraparis

ROC Comparison of Stimulation Rate and M-
Sequence Length Combination

100%

75% -

—A 12.5Hz m=13
—B 18.75Hzm=13

C 25Hz m=13
/ D 37.5Hz m=12
25% - —E 37.5Hz m=13
—F 75Hz m=13

—G 75Hz m=14
—H 75Hz m=15

50% -

Sensitivity

0% T T T
0% 25% 50% 75% 100%

1-Specificity

Figure 7.4ROC Curves for eight recordings. Data from channel A10, n=12 subjects
was used in this analysis. SNR values were calculated over 45-250ms.

The greater the area under an ROC curve, the bettepegsrmance. Figure 7.4
shows that the poorest test is test F (75Hz, m=12) winowides almost no further
information than could be obtained by tossing a coin. Ehjgerhaps not surprising
since it involves only 2 minutes of recording and an m-seguevitch is much
shorter than those used in routine practice.

By this measure, the most robust test was recording C (26#123), closely followed
by recording B (18.75Hz, m=13).
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Test performance therefore improves as the stimulatitenis decreased from 75Hz
to 25Hz. No further gain is seen by reducing the stimulatitabelow 25Hz. This is
corroborated by the ROC curves and Figure 7.10, which iastied later.

Differences between the remaining recordings are subbiever it is possible to

draw comparisons between recordings of different datin rate and m-sequence
length, but the same recording time. This is partitplaseful in clinical situations

where the choice of m-sequence length and stimulasitenis heavily influenced by
the amount of time that the patient can reasonablgxpected to comply with the
testing conditions. Of the eight recordings performedrehare three pairs of
recordings with the same recording time.

* Recordings B (18.75Hz) and H (75Hz) were both acquired in 8 nsinute
Figure 7.5(a) shows a larger area underneath curve B singgéisat the
slower stimulation rate and shorter m-sequence providesbre robust test.

* Recordings E (37.5Hz) and G (75Hz) were both 4 minutes laggrd=7.5(b)
shows that test G is very slightly better than testnEhis case, the faster
stimulation rate is the better performer.

* Recordings D (37.5Hz) and F (75Hz) both required 2 minutésstihg time.
There is good separation of these curves, seen in Fidgi(®, Avith the slower
stimulation rate providing the better test.
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Recording C (25Hz) showed the best test performance inekpsriment, despite
requiring only 6 minutes of recording time per eye, congaréh 8 minutes required
by the more standard 75Hz, m=15 recording parameters (refged®y recording H).
Figure 7.6 compares ROC curve for recordings C and H andsshoad separation
between the two. It is useful to know that acquisitione can be reduced while

improving test performance.

Future experiments could investigate whether test perfoenanproves again if
stimulation rate is kept at 25Hz and the m-sequence lengthreased to m=14. This
would increase recording time to 12 minutes, which is swamftly longer than 8
minutes. However, when viewed in terms of the resulShapter 4 which suggested
that for 75Hz recordings an m=16 recording requiring 16 minutesneathwhile, 12

minutes may be a reasonable compromise.

ROC Comparison of 'Best' and
Standard Recording
100%

75% A

Sensitivity
S
X

C 25Hz
m=13

——H 75Hz
m=15

25% A

0%

0% 25% 50% 75% 100%
1-Specificity

Figure 7.6 The difference in test performance between test C, which wasttmbad
the best performer in this experiment and test H, which usesaostecommonly used
combination of stimulation rate and m-sequence length (75Hz & m=15),wssho
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7.3.6 Central Waveforms — Results and Discussion

SNR values calculated over the time window 45-250ms ateeglagainst stimulation
rate for each subject in Figure 7.7 and 7.8. The plotstridte data from one of the
central waveforms (56 — top right, 58 — bottom left) aegiusing channel A10
(position Q).

Anderson —Darling Tests for Normality indicated a normiNal distribution of SNR
values from the 12 subjects and so non-parametric statése used.

The same data are presented in Figure 7.9 for all fouratemaveforms, but each
data point is the median value from the 12 subjects. Hyavs show the 95%

confidence interval of the median value.

Data has been plotted for five of the eight recordinfjsis allows a consistent
comparison of all m=13 recordings and does not confuselthevith duplicates of

the same stimulation frequency acquired with differingaguence lengths.

In all four central waveforms there is significant afian in the SNR values obtained
from different subjects. The relationship between SN&Rstimulation rate also varies
however; there is an overall trend towards smalleR $lues for faster stimulation
rates. The error bars suggest that differences argatedtically significant.

It is notable that the SNR values for segment 58 artafger than the other central
waveforms. This can be explained by the fact that the was acquired from a single
recording channel with the active electrode Al10 at posiio Comparison with data
acquired from electrode A12 at position ot shown) show far larger waveforms at
location 59 when compared to location 58. Both channels faliedower visual field

central areas.
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Segment 56
SNR vs Stimulation Rate
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Figure 7.7SNR is plotted against stimulation rate for the waveform responsentdagtion by region 56 (upper right central waveform in the trace

array). The 12 series plot data from individual subjects. Data was @xtjusing channel A10 (positiornp)O

209



Chapter 7 — Rate of mfVECP Stimulus Presentation

Segment 58
SNR vs Stimulation Rate
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Figure 7.8 SNR is plotted against stimulation rate for the waveform responsendagion by region 58 (bottom left central waveform in the trace

array). The 12 series plot data from individual subjects. Data was @xtjusing channel A10 (positiornp)O
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SNR vs Stimulation Rate
Median value from n=12 subjects

——- Segment 56
—&— Segment 57
—4&— Segment 58

Segment 59

12.5Hz 18.75Hz 25Hz 37.5Hz 75Hz
Stimulation Rate

Figure 7.9Median SNR values are plotted against stimulation rate for the fouratevaweforms. This plot includes the data shown in Figures 7.4 and
7.5, but shows the median value from the n=12 subjects. Error barstsb®@8% confidence interval of the median value. Data was acquired using

channel A10 (position £
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7.3.7 Overall Detection Rates - Results

Figure 7.10 encompasses all the data acquired using the muiigthgecording
system and shows the relationship between stimulatiten aad the number of
waveforms that exceed the detection threshold (igsetlwith a SNR value greater
than the 90 percentile of the distribution of SNR values of mo&stimations). In
order to be considered detectable, a stimulating regitimeodlartboard pattern had to
evoke a waveform that exceeded the detection thrédbolat least one of the 16
recording channels. Threshold values were calculatedidlogilly for each electrode
to take into account possible differences in noise dmions.

Anderson-Darling Tests for Normality were performed loa detection rates for the
12 subjects at each stimulating frequency, and returned psvgteater than 0.05.
The null hypothesis that the underlying distribution igrRal should not therefore be
rejected and parametric statistics can be used.

Error bars in Figure 7.10 show the 95% confidence intervdh@fmean. There is
overlap of the 95% confidence intervals in almost eveiy plstimulation rates.

There is one exception which is the comparison of the 2&htz 75Hz recordings
which indicates a statistically significant increasedetection rate with the slower
stimulation rate, at the p<0.05 level.

The highest detection rate was seen with a 25Hz stiionleate. An average of 42/60
waveforms exceeded the detection threshold. This sjworels to a specificity of 90%
and a sensitivity of 70%.

The poorest detection rate was seen with 75Hz stimulatieere on average only 24
waveforms in the trace array exceeded the detectresttbld. This corresponds to a

specificity of 90% and a sensitivity of only 40%
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Waveform Detection Rate Against Stimulation Rate
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Figure 7.10Waveform detection rate is plotted against stimulation rate. Toteetdd, the SNR value had to be above the detection threshold

in at least one of the 16 channels. Data are averaged over n=12 subjecisbé&is reflect the 95% confidence interval of the mean.
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7.3.8 The Locations of Detectable Waveforms - Results

Figure 7.11 maps the ability of the multichannel recordirsgesy to detect waveform
responses to each of the stimulating regions withinmilhéECP dartboard pattern
when stimulation is performed at 25Hz with an m=13 bit gusace in an
acquisition taking 6 minutes (Recording C). Detectiorgah the upper field are
slightly lower (68%) than the lower field (73%), but th#erence is not significant at
the p=0.05 level. There is no significant difference m dletection rates between the

left and right hemifields.

Figure 7.12 is the same as Figure 7.11 but maps the deted¢tsrfaadata acquired
with 75Hz stimulation by an m=15 m-sequence, requiring 8 miraftescording time
(Recording H). Comparison of Figures 7.11 and 7.12 revedligtadewn the colour
scale which reflects the falling detection rate. Agaim detection rates are lower in
the upper hemifield (49%) than the lower (62%). This diffeeesis significant at the
p<0.05 confidence level. Once again, no significant diflegemas seen in detection

rates between the left and right hemifields.
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Figure 7.11Schematic showing how frequently waveforms in each location in the
waveform trace array reach the detection threshold. For an individualfeamaeo be
detected in any one recording, it had to reach the detection thresholdeimsabne of

the 16 recording channels. Data from n=12 subjects was used to produadgules f
and was acquired during Recording C with a stimulation rate of 25Hz, an m-sequenc
length of m=13 and took 6 minutes to acquire. The colour scheme is shthertop
right-hand corner. Good detection rates are indicated by red and pink fill atidos.
These data are presented for the twelve subjects individually iné=iyid
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Figure 7.12As for Figure 7.11, this maps the detection rate of waveforms \lithin
mfVECP trace array, but is based on Recording H (75Hz, m=15).

216



Chapter 7 — Rate of mfVECP Stimulus Presentation

Figure 7.13 shows how the detection rate changes widngazty for recordings C
and H. There is a trend towards lower detection rdtdsegeriphery, compared to the
central waveforms. With 75Hz stimulation, this relaship is monotonically
decreasing. This is not the case with 25Hz stimulatiorchvlappears to maintain
higher detection rates out towards the periphery.

In general, changes in detection rate between neighboungyg are not statistically
significant (p=0.05). There are two exceptions:-

(1) the difference in the central ring and ring 2 for reaaydC with the central
ring showing higher detection and

(2) between Rings 3 and 4 in recording C, where the more peaipRerg 4
shows the better detection rate.

Detection Rate with Eccentricity
100%
80% -
(]
T 60% A
o
e
8
5
T 40% A L
e
20% —— C 25Hz m=13 6mins
---0--- H 75Hz m=15 8 mins
0% ‘ ‘
Centre Ring Ring 2 Ring 3 Ring 4 Ring 5 Outer Ring
Eccentricity

Figure 7.13The relationship between detection rate and eccentricity is plotted for
recordings C (solid line) and H (dotted line). Error bars reflect 988afidence

intervals of the mean.
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Figure 7.14 demonstrates how consistent the pattern oftidetsbow for Recording
C (Figure 7.11), is within the 12 subjects. The colour ssaleduced to a binary
system where red locations indicate that a detectablefaran was acquired by at
least one of the 16 recording channels and blue indidaegsno detection was

possible.
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Figure 7.14Detectable waveforms within the mfVECP trace array are mapped. In
order to be detectable, the SNR of a waveform must exceed theddteeshold in
a minimum of 1 of the 16 recording channels. Red locations indicate aedktec
waveform. Blue locations indicate that a detectable waveform wagscmtared from
any of the 16 recording channels. Data presented here was acquired at 25H%, m=
from n=12 subjects. Individual elements depict data from each of thebjetts. The

average of these data are shown in Figure 7.11.
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Figure 7.14 shows that:-

e There is considerable inter-individual variation in théed@mble mfVECP

responses.
* In general, the central 4 responses are detectable
* There is a trend towards better detection from thetomsual field and

* 100% detection was possible in one subject (CC). Tragysafrom this

subject are shown in Figure 7.15.
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Figure 7.15Trace arrays from subject CC. A detectable waveforsifaand in all 60 locations of the waveform array frainteast one of the 16 recording
electrodes
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7.3.9 The Locations of Detectable Waveforms - Discussion

Cortical scaling of the dartboard pattern aims to a@aeh region to stimulate similar
volumes of the visual cortex. Despite this, detectibthe central waveforms was
superior to that of the outer rings when both 25Hz and 73kaulation were

employed.

In both cases, detection of responses to stimulatiotheo upper visual field was
poorer than that of the lower visual field. This diffece was statistically significant
for 75Hz stimulation (p<0.05), but not for 25Hz.

The detection rate showed a simple decrease with &iitgnfor 75Hz stimulation.
The relationship for 25Hz stimulation was slightly meowemplicated. Changes from
ring to ring were not, in general, statistically sigraht, and there appeared to be a

preservation of detection rates towards the periphery.

A novel finding has been shown. A 6 minute, 25Hz recordirsgske&eral advantages
over the more widely used 8 minute, 75Hz acquisition. Noy aslthe overall
detection rate superior, but the degree to which the legeal field is favoured is
reduced, and the loss of detection towards the periptligheovisual field decreases
when the stimulation rate is reduced. The use of 25Hzubtiimn in clinical
recordings is therefore highly recommended.
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7.4 Discussion

The volume of data acquired in a multichannel mfVECguaition is considerable. It
is not feasible to assess every waveform on anidchal basis. While the waveforms
of mfVECP recording remain variable between subjects armughout the trace
array, as evidenced in the data presented here, it igppybpriate to use simple
automated means of placing cursors to determine latencyaamitude. The
calculation of a SNR overcomes this to an exterthalt been shown in this chapter
that slower rates of stimulation result in waveforoislonger latency and that
calculating the SNR over the most commonly employeadesv of 45-150ms will
artificially reduce the SNR and impede the detectiorsighals greater than noise.
Automated analyses must therefore make a careful melexdtthe SNR time window.
It has been demonstrated here that the use of a longeewindow is advantageous
when slower stimulation rates are used and has noivegapact on data acquired at

faster stimulation rates.

Analyses presented in some of the preceding chapters haveyed SNR values
calculated over 45-150ms. This remains appropriate sinceulation rates were
always 75Hz, a rate at which the shorter time windolvnei disadvantage detection

rates.

In a study of MfERG waveforms and stimulation ratete8{92) observes that the
‘the memory of the system i.e. the duration of then&kslices with all their induced
components appears to increase when stimulationvieedlolown. With a base period
of 13.3ms, the mfERG kernel slices don’t usually exceed 10Bimsever, with a bp

of 40ms induced components can often be found on theofidgtr kernel beyond

150ms.’

In concordance with his observation, mfVECP data ptedenere exhibits increases

in latency with slower stimulation rates.

Our findings are at odds with Marties$ al (116), who found decreased latency with
37.5Hz stimulation compared to 75Hz. This could be attributesh@thodological
differences. While both experiments involved dartboantdi, Martins et al used
three rings and 32 blue and yellow regions extending telc dif view of radius 2§
while a six ring, 60-region black and white stimulus, extegdo a radius of Z2was

used in the present experiment. Finally, the mathematiesadling pattern reversal
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also differ. While single binary m-sequences were used byEkJ Multifocal
System, Martinget al employed the Accumap system which uses a series df sho
binary sequences instead.

Our results are also at odds with Martin’s report ohdatesented by Balachandran
(117), in which she indicates that black and white, 25Hz $hied mfVECPs were
reduced in amplitude — she does not specifically what slsecemparing that to, but
the standard 75Hz stimulation rate would be a reasons$lergtion.

The findings are however in concordance with the hypatHasl out by Fortune and
Hood (109). They suggested that as the rate of stimulatiowsslthe mfVECP

response becomes more like the conventional VECP resgomns that increases in
signal size could be due to the activation of dipolekiwithe extra-striate in addition
to striate cortex, whereas fast mfVECP stimulatidn76Hz is thought to evoke

responses from striate cortex alone.

Improved detection rates in the upper visual field with tbever 25Hz stimulation
rate could also be as a result of the recruitmerddalfitional extrastriate areas and
therefore dipoles that are more conducive to detectidhégrrange of 16 monopolar
electrodes used here.

Ireland et a88) have investigated which m-sequences are appropriate €an s
multifocal electrophysiology — i.e. which sequences taanorthogonality for a
sufficient period of time to avoid cross-contaminatmithe first or second order
response with higher or lower order responses. Shes rib& in the case of the
mfVECP where the evoked potential response requiresgeidime period to appear
than the electroretinogram response, the cross-coorelgeriod must be longer and
there is, therefore an increased chance of crossioamation. All m-sequences used
in this experiment are orthogonal and robust to crostacaination for a minimum of
426ms. All waveforms presented here returned to baselilewitéin this time

frame.

Furthermore, if the stimulation rate is increaseenthhe cross-correlation of the
physiological response must be performed over a longer widdhe m-sequence,
i.e. a larger number of m-sequence steps. The longewthdow, the higher the
chance of cross-contamination. This suggests that comgarnination is less likely at

slower stimulation rates, despite increases in wamefatency.
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7.5 Future work

For practicality, several of the analyses here wes&ricted to a data acquired from a
single recording channel. They could be repeated witlother recording channels

which show good detection levels.

Only two time windows have been assessed here. Furthdr soaold include the
investigation of a wider range of SNR calculation timedews.

Throughout this chapter, data trends have been reporteti€ta significance has
not always been achieved; suggesting that the numberbgécss tested should be
increased to improve the power of the experiment. Tas ot been done due to
limitations of time. Furthermore, the analysis ofeaen larger volume of data would

require that the analysis process is automated to agesdéent.

Data in this chapter was presented from a significaatlyer number of recording
electrodes than is used in the majority of mfVECRditiere. They are presented as
monopolar data, as are data presented by James AC (1&lsehmade use of a large
electrode array. While analysis presented here focussethe monopolar data,
bipolar information can be derived and may well provide &mrtimprovements in
detection rate. The recording system and the use of patarorecording electrodes is
discussed in greater detail in the following chapter.

7.6 Conclusion

Reducing the stimulation rate of the pattern-reversalEQiV results in an increase in
the latency and amplitudes of responses and a late veegedugh became more

prominent.

The increase in latency prompted an investigation of niost appropriate time
window to use for SNR calculations. This concluded thagrwhlower stimulation
rates were used, a longer time window of 45-250ms was ademus in
discriminating between true signals and data containingeradone and that when fast
stimulation rates were employed, there is no detriatezifect to using a longer time

window.
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Improvements in the SNR were seen at stimulatiorsrb&édow the standard 75Hz.
This resulted in a better test performance, as illleiray ROC analysis, with a 25Hz
stimulation rate outperforming 12, 18.75, 37.5 and 75Hz.

Changes in the SNR of central waveforms showed a tremdrdis increasing with
decreasing stimulation rate, however the results wesged and statistical

significance was not achieved.

The sensitivity of the mfVECP test can be improved égucing the stimulating
frequency from the standard rate of 75Hz to 25Hz. Furth@rowements in
sensitivity were not seen when the stimulation vede slowed below 25Hz.

The difference in detection rates with stimulationerainly reached statistical
significance for the comparison of 75Hz and 25Hz stimutat25Hz stimulation for 6
minutes was superior to 8 minutes of 75Hz stimulation, ittegim 8-fold decrease in

the number of pattern reversals.

Detection rates are globally improved by reducing thewaition rate from 75Hz to
25Hz. Increased detection is seen in the vast majorityresponse locations
throughout the visual field (54/60 visual field areas). Initamid using a 25Hz
stimulation rate reduces the asymmetry in signal detecti the upper and lower
hemifield seen at 75Hz. Furthermore, 25Hz stimulated reggodo not suffer from
reduced detection rates in peripheral visual field locatiortke same degree as 75Hz

stimulated responses.

In short, there is much to be gained by moving from thedsta stimulation rate of
75Hz and reducing it to 25Hz. Electrophysiologists can caggtabn shorter
examination times, patients are required to fixate amdexttrate for a shorter period

of time and signal quality and test performance can peoved.

This investigation was performed using a 16-channel multifeemadrding system,
which provided a wealth of information. The constructenmd validation of this
system is discussed in the next chapter.
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8.0Introduction

The anatomy of the visual cortex is highly convoluted apalds evoked within it
are oriented in many different directions. The probabditdetecting small responses
to stimulation of small local areas of the visualdfiées increased if the dipoles are
interrogated by a large number of scalp electrodes dieee ts a greater chance that
a dipole will project onto the scalp in a favourable marmedetection in at least one

recording channel.

The aims of the work presented in this chapter wereoddiofThe first was to create a
multifocal electrophysiology system capable of acquirmfyyECPs from a large
number of recording electrodes. Recognising that large msnabelectrodes are not
necessarily attractive for routine clinical use, #ggond aim was provide a base of
evidence acquired from normal volunteers, from whiclilzsst of electrodes which
will provide the maximum amount of information on thepense of the visual cortex

to stimulation of a large number of small areas ofvikeal field, can be selected.

The visual evoked cortical potential is conventionallyrded with between two and
five electrodes. In contrast, the electroencephaloga EEG) makes use of a wide
array of electrodes. This chapter discusses the integrafi a multichannel EEG

recording system with our in-house multifocal system.

The chapter begins with a literature review of the edeldrplacements which have
been used in VECP and mfVECP recordings to date and a pt&sctrof the
electrophysiology acquisition systems used in the pregerk follows.

The integration and testing of the two electrophysiplsgstems is described as a
series of tasks that enabled synchronisation, allowed cbleversion, tested the
systems’ ability to record and process signals. Finallyaasessment the most
appropriate monopolar recording channels from 16 electradédns.

This system was described in an ARVO 2002 abstract (153).
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8.1 A Review of Electrode Positions used in mfVECP Acquisdn

The electrode placements used in the conventional VECP besere standardised by
ISCEV(26). This standardisation provides consistency inre¢herding of VECPs in
different centres and allows comparison of their patiavestigations and research
studies.

The standard full-field VECP stimulates a large propartof the visual field and
potentials are evoked over a large volume of the visuaéx. As a result of cortical
magnification, anatomy and geometry, the record is datad by the response of the

central visual field.

Cortical magnification means that the central visigdtifis served by a large volume
of visual cortex compared to peripheral visual field 9865124;154). The retinotopic
representation of the visual field is organised in suwshyathat the central visual field
maps to the occipital pole while peripheral retinalaarenap to cortex within the
calcarine fissure (155). Peripheral responses will fberebe attenuated to a greater
degree prior to measurement by surface electrodes.

Electrodes record a linear combination of signals fromitiple volumes. The
convoluted nature of the cortex means that the canioib of a particular volume will
depend on its location and orientation within the cor&gnal cancellation will occur
at the scalp when activated volumes of cortex are garally opposed (12;156).

The full field VECP evokes responses from differenttgarf the visual field.
Responses to stimulation of these local areas ofishil field are dipoles which are
oriented in different ways, depending on their positiothiwithe gyri of the visual
cortex. Surface electrodes measure a signal thapendent on the distance between
the dipole and the recording electrode, and the projeofitime dipole onto the scalp.
When a large number of local responses are simultalyeensked, as in the full field
VECP, the recorded signal is the vector sum of theseibotibns. Since the central
visual field is represented in the occipital pole, theollis created by its stimulation
are less attenuated than more those from more amyesbuated areas and are
optimally oriented for detection by surface electrodes,result is a full field VECP

waveform which is dominated by the central response.

Different electrode locations have been investigated loyiraber of investigators,

including Schipperst al (157). An array of 14 bipolar channels was used to study the
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gradient distributions and current density distributionfour subject with amblyopia
and ten control subjects. Gradient maps were acquirgd avnumber of different

check sizes. The pros and cons of monopolar and bipolaneheaecordings with

respect to common mode rejection ratios and accuracgcofding were discussed.
The common mode rejection ratio is substantially reduceéhe case of subtraction of
monopolar voltages compared with the direct bipolarnding. Unequal calibration

and drifts of the amplifier gains by only a small percgataause reduction of the
common mode rejection ratio. Bipolar channels measusraaler voltage. The ADC

resolution can therefore be optimised over the range.

James AC (17) used a 30-electrode array when presentingPdttern-Pulse
Multifocal VEP and presented waveforms derived from motaomata.

The mfVECP response exhibits greater inter-subject vatiatiibn the VECP.

While the positions of local gyri and sulci are vegrigd from one individual to the
next, the position of the visual cortex within the bragtinotopic mapping and the
positions of the different visual areas V1, V2 etc rencaimparatively constant.

The full-field VECP is a global, vector sum resporsatimulation of a large portion
of the visual field and inter-individual variation in kccortical anatomy is, to an
extent, averaged out. The mfVECP however, aims to détedehaviour of dipoles
in much smaller volumes of visual cortex which are subjeajreater variation in
their orientation, giving rise to a greater variability the waveform responses to
stimulation of the same visual field location in diffat individuals. This suggests that
the electrodes used for VECP acquisition may not be apfon mfVECP acquisition
and that it may in fact be useful to interrogate thealicortex from a number of

different orientations using a larger number of electrodes

In clinical terms inter-subject variability of wavefonmasponses makes it difficult to
define a normal and abnormal response. Researchers caatitugk for universally
optimal recording channels.

In 1998 Klistorner, Graham and co-workers turned their @terio the electrode
placement used to record the mfVECP(16;111). They found timat ISCEV
recommended electrode placements favoured responsesntdatsbn of the lower
visual field, and recommended a Bipolar Occipital Stra@@@S) arrangement with

electrodes 2cm above and below the inion that gives maferm amplitude signals
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from the entire stimulated area. They have since date position of the upper
electrode to 3cm (76;158) and 2.5cm (123;159) above the inion. [dWwer electrode
has been used at 4.5cm (76;123;159) and 6cm (158) below the inion,

In previously unpublished data, mfVECPs were recorded frhbimteén healthy
volunteers using three bipolar channels (2cm above iniomm-b@dtow the inion, 2cm
above the inion — 2cm below in the inion and 2cm righthe inion — 2cm left of the
inion). It was found that not only did the optimal ¢étede channel vary from subject
to subject, but that within a single subject, the resmtsestimulation of different
areas of the visual field were best recorded with diffeelectrodes. This finding is in
agreement with Hood and his co-workers (128), who recordmd four active
electrodes and derived six recording channels. Despiteased electrode numbers,
there remain visual field locations in some individuatsrf which it is difficult to
obtain signals above the level of noise.

Most of the literature concerning electrode placememfMECP recording appears
to have used a trial and error approach to electrodgidmcselection, reporting their

chosen optimal electrode positions.

Multichannel recordings allow us to interrogate the eorftom a larger number of
locations. This gives us a greater chance of detecting sigiaals that may be at an
inopportune orientation for detection with a smallember of electrodes. With more
electrodes there is a higher probability that an edéetmwill be close to a small dipole

and the signal will not be attenuated before detection

The acquisition of data from a large number of recordiegtrodes can inform the

selection of a smaller number of channels for routlimecal use.
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8.2 Equipment

The experiments described in this chapter made use of dleetrophysiology
acquisition systems. These are the custom-built ERiltifocal System described in
detail in Chapter 2 and two versions of BioSemi equipm&he BioSemi and the
EDIU Multifocal systems are not designed to work togetfersummary of the
specifications is tabulated in Table 8.1 for comparison.

EDIU Multifocal BioSemi BioSemi
System ActiveOne ActiveTwo
Number of
recording channels 4 48 16
available
File Format .mf .edf .bdf
Quantisation 10-bit 16-bit 24-bit
External triggers  An external trigger
Trigoers Integral to software could not control  could be used to
99 acquisition. the recording of  control the
data. recording of data.
Software creates  System is not System is not
Stimulation and controls visual designed to deliver designed to deliver
stimulus. a visual stimulus. a visual stimulus.

Software cross-
correlates recorded
data to recover

Data processing is Data processing is
elementary and is elementary and is

Data processing multifocal not capable of not capable of
electrophvsiological handling cross- handling cross-
phy 9 correlation. correlation.
responses.

Table 8.1Summarised Technical Details of the Recording Systems used in
Developing the Multichannel Multifocal VECP.

8.2.1 EDIU Multifocal System

The EDIU Multifocal System was described in detail ira@ter 3. It is self-contained
and capable of stimulation, acquisition and data proapsisirthe present chapter, the
stimulation and data processing functions were used aracthesition function was

provided by either the ActiveOne or ActiveTwo BioSenstsyns.
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8.2.2 BioSemi Systems

A 48 channel, ActiveOne BioSemi EEG amplifier was al®di This system was

selected because:
* Itis capable of acquiring data from a large number otmldes.

* It has amplification at the electrode site. Skinparation, which is a time

consuming part of subject preparation, is thereforeeuptired.

» The resolution and dynamic range suggest that they sheuklited to the
size of mfVECP signals quoted in the literature (12;13;17&309;127).

BioSemi systems make use of ‘active electrodes’. Thesorm amplification at the
electrode site rather than after transmission ohallssignal along a connecting wire.

The active electrode can cope with very high input imped@)cetegrating the first
amplifier stage with a sintered Ag-AgCl electrode, extely low-noise
measurements free of interference are possible witsidntpreparation. Impedance
transformation occurs at the electrode and as theveris low output impedance,
problems with capacitive coupling between the cable and es®wfinterference, as
well as any artifacts induced by cable and connector mentsmare completely
eliminated (160).

Figure 8.1An Active Electrode (Image taken from www.biosemi.com)

The BioSemi systems do not control the visual stimuhasie no access to the m-
sequence information and are not sufficiently sophisutcai® perform cross-
correlation. They can record multifocal electrophiggly but cannot perform the
required data processing. The EDIU Multifocal Systerapable of acquiring and
cross-correlating a maximum of four data channels. Qemaodifications were
therefore required to integrate the two systems tawvallte acquisition and cross-

correlation of data from a large number of channels.
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8.3 Synchronising mfVECP Stimulation and Data Acquisition

8.3.1 Introduction

The duration of standard multifocal stimulation is coomty eight minutes. In order
to achieve a good response from subjects, it is negessadivide the recording
session into periods of time over which they can contiytanaintain fixation
without significant movement and/or blinking. The EDIU Mioltal System delivers
the stimulus in a series of 30-second segments anah, tviseused to record data, data
acquisition occurs only during ‘stimulus on’ periods. Noadate recorded during rest
periods. In contrast, the BioSemi system records moatisly. No automated means
of pausing recording during rest periods is available and so daduphysiological

data are included in the data record.

Timing is critical. A mis-registration between thehbgiour of the stimulus and the
recorded signal will render the data useless. The casslation will be shifted in
time and cancellation of signal rather than recoveantgipated.

8.3.2 Aim

To synchronise the behaviour of the mfVECP stimulus plexviby the EDIU
Multifocal System with the acquisition of data by BieSemi ActiveOne.

8.3.3 Method

To create a record within the BioSemi .edf file of whike visual stimulus was active,
a step-up trigger pulse was supplied at the beginning of eachesegf the
multifocal stimulus. Modification of both the EDIMultifocal System software and
assembly programming was necessary to achieve this. Tee wak recorded on a
trigger channel in the BioSemi system. Software (DephBorland, USA) was
written to read the trigger channel in order to identify mvhgeriods of active
stimulation began. Data was then taken from the BwSedf file for 30-second
intervals beginning at the start of each session. Dafair@d during inactive periods
was discarded by the file conversion software.
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To minimise modifications to the assembly languagetrigger did not automatically
step down at the end of each m-sequence segment.dmsteaput from the operator
was required to confirm that the segment was complshich brought the trigger
signal to a low state.

The exact duration of the m-sequence segment is kao@so the period of .edf data
representing stimulated physiological data can be edéxailas long as the trigger step
up is identified.

8.3.4 Results

It was clear during recording, via the BioSemi acquisisoftware (see example in
Figure 8.2), that the trigger step-up pulse was created andieecat the beginning of

each m-sequence segment.

A number of tests were carried out to check thafitheonversion software correctly
identified the trigger step-up pulses recorded by the BioSgsters. The appearance
of the step up pulses was in turn checked by visual inspedtiong recording. The
result of one of these tests is shown below in T8 It can be seen that the file
conversion software accurately identifies the trigQdr pulses. The error represented
by the final two columns can be explained by the relatipelor temporal resolution
of the BioSemi display software compared to thaheffile conversion software.

[ | | | [
] 789301 I2 it} Il I! Iﬁ IT Il I'IHIZI HERDR "UI'IIF'F\I'\'

Triqgers -
Wi bloseml.com w =

Figure 8.2Trigger signal as illustrated by a screenshot from the BioSemi System

software. The brown line indicates the trigger status.

Figure 8.2 above shows the trigger signal. It appears &c@nds, indicating the
beginning of an m-sequence segment. Is disappears at 88riElseThe m-sequence
segment duration is 27.33seconds (this accounts 8t df& 15-bit m-sequence,
while allowing overlap).The approximately 3 second delay in the trigger status
returning to low is due to the delay in the operator comfig that the segment is
complete. The trigger status returns to a high stat88aseconds indicating the
beginning of the second m-sequence segment.
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Time of Trigger  Converted File Conversion Difference Error

Step Up Pulse as into a Sample Software identified (Measured in (seconds)

read on BioSemi  Number. Trigger switching samples)

Software On at sample
(seconds) number

1.6 3276.8 3357 -80.2 -0.039
3.6 7372.8 7352 20.8 0.012
5.3 10854.4 10928 -73.6 -0.036
7.3 14950.4 15045 -94.6 -0.046
8.9 18227.2 18323 -95.8 -0.047
10.7 21913.6 21908 5.6 0.003
12.3 25190.4 25104 86.4 0.042
13.7 28057.6 28070 -12.4 -0.006
15.2 31129.6 31166 -36.4 -0.018
16.6 33996.8 34126 -129.2 -0.063
18.1 37068.8 36949 119.8 0.058
19.6 40140.8 40161 -20.2 -0.010
20.9 42803.2 42735 68.2 0.033
22.6 46284.8 46298 -13.2 -0.006
23.8 48742.4 48680 62.4 0.030
25.2 51609.6 51534 75.6 0.037

Table 8.2Data showing that file conversion software correctly identifiedrigger
points.

8.3.5 Conclusion

A method of synchronising the behaviour of the mfVECP i create and
delivered by the EDIU Multifocal System with the acquosi of data by the BioSemi
ActiveOne has been achieved.
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8.4 File Format Conversion Software
8.4.1 Introduction

The BioSemi ActiveOne system stores its data in et file format (European Data
Format) which is commonly used in commercial EEG réiogs (161).

The BioSemi ActiveTwo system uses a ‘.bdf’ file f@amwhich is very similar to the
.edf format. The key difference is that it stores 24dbta rather than 16-bit data.

The EDIU Multifocal System uses a custom designed félenat known as the
Multifocal File *.mf".

.edf and .mf file structures are illustrated in Figure 8@ @escribed below.

EDF Header MF Header

SR words Channel 1 1% sec SRwords 1% sec Channel 1
SR words Channel 2 1% sec SRwords 2" sec Channel 1
: : 1% sec SR words Channel 1
SR words Channel C 1% sec SRwords  Tth sec Channel 1
SR words Channel 1 2™ sec SRwords 1% sec Channel 2
SR words Channel 2 2™ sec SRwords 2" sec Channel 2
: : 2" sec SR words : Channel 2
SR words Channel C 2™ sec SR words Tth sec Channel 2

Figure 8.3 A schematic illustration of the different structures of .mf adtifike
formats for a recording of seconds’ duration, recorded with a sampling r&iRby

C channels.

8.4.2 Aim

To overcome file format differences and permit data meduby the BioSemi
ActiveOne system to be cross-correlated by the EDIUtifdoal System.
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8.4.3 Methods

Software was written using the Delphi 4 (Borland, USAgponvert .edf data into the

.mf format. This allowed converted data to be read argbetorrelated using existing

software. The key functional steps in the file coneersoftware are summarised in

Figure 8.4 and are described below.

Channel
selection

Conversion of ‘second
by second’ storage to

Identification of trigger step-up at
the beginning of each segment ar

nd

‘channel by channel’
storage.

discard data recorded when
stimulus was not running.

y

Downsampling
from 2048Hz

Create .mf header by
reading dummy .mf

y

to 1200Hz.

file with relevant
acquisition data.

Figure 8.4The functional steps of the file conversion software are shown.

* The .edf file format is designed to contain a flexiblenber of channels’ worth of

data. .mf files are structured to contain a fixed numbéowt The initial step was

to select four sequential channels from the .edf fié Would be read and written

into .mf format.

» .edf file structure records in 1 second portions. For anisitign fromC channels

with a sampling rate ddRHz, the firstC.SRdata samples will contain the first

seconds’ worth of data for each channel. Data fomthesecond of acquisition

from Channelc of C commences at sample number:

(n-1).C.SR+c.SR

Equation 8.1

In contrast, the .mf format writes the data for eacmplete channel in turn. A

procedure was written to read data from the .edf foramak write it into .mf

format.

» The BioSemi acquisition records data whether the vidimukis is running or

not. The trigger signal identifies when the stimuluspigsent. The .edf file
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therefore contains data during which no stimulatiorucec The .mf format has
no capacity for this redundant information and so it nheststripped away. A
procedure that identifies trigger behaviour and removesndsdu data was
created. This has the advantage of ensuring that theo$izke .mf file is
consistent with the duration of stimulation, keepingadtnpatible with the cross-
correlation component of the EDIU Multifocal System.

* Downsampling. The BioSemi acquires with sampling rat&0#4Hz or 2048Hz.
The EDIU Multifocal System expects data acquired at 1200Pata was
therefore recorded at 2048Hz and down-sampled to 1200Hz. 1200eledsed
as an integer multiple of the stimulus delivery fraragerof 75Hz and as such
avoids aliasing problems. Where 2048/1200 is not an integer,vhhear

interpolation was used between adjacent values.

» Creating a file with a .mf header. In order to createnf header file, dummy
multifocal files were created in the EDIU Multifoc&8ystem containing the
relevant information about stimulation parameters f8n-sequence length and
stimulation geometry. The file conversion softwaradrén these header files and
copied the information into a new .mf file with datagaired from the BioSemi

system.

8.4.4 Results and Conclusion

This software was successfully written, debugged and testednulated data. It will
be referred to as EDF2MF throughout the rest of this chapteé allows BioSemi
ActiveOne data to be cross-correlated by the EDIU Mudaf System.
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8.5 BioSemi System Tests — ActiveOne and Large Signals

8.5.1 Introduction

As has been discussed, mfVECP signals are small andleanfheir detection
requires that several stages in the integration ofaiectrophysiology systems are all
functioning correctly. In order to test the basic fioctof the BioSemi ActiveOne,
large, reproducible sighals whose detection is not depethesynchronisation with

the EDIU Multifocal System, were used.

8.5.2 Aim

To test whether the BioSemi equipment was functioningpgng by testing it with

large signals. Signals used were supplied via:
* A signal generator,
* A photodiode and

* A physiological ECG.

8.5.3 Methods

When recording systems that employ passive electroddssted, known signals can
be applied directly to the electrode. A similar appraactesting the active electrodes
used by the BioSemi System would risk damaging them. Tias®m of the signal

via a saline bath was a safe alternative.

The signal generator and photodiode signal were fed intd ®f saline. Recording
electrodes were placed in the saline solution. The expetal set up for the
photodiode recordings is shown in Figure 8.5.
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BioSemi
l l ActiveOne

\ Acquisition
NacCl(aq) System

Figure 8.5The experimental set up used to test the multichannel acquisitiemsyst

with a photodiode is shown.

The amount by which the signal is attenuated by thaesdlath was investigated by
introducing a signal of known size from a signal gater This was 5mV in size. On
the BioSemi recording software, the sale indicatsdyaal of approx 100uV or 2% of
the original signal size.

The recording electrode, the DRL (Driven Right Leg) #mel CMS (Common Mode
Sense) electrodes were all placed in saline solutionDRieand CMS electrodes are
necessary to provide common mode rejection. They cee&dep, which drives the
average electrode potential as close to the potentigheofAD box reference as
possible (Figure 8.6), replacing the ground electrode used in mdomna systems.
All electrode records are referenced to the CMS mldet Care was taken to ensure
that none of the electrodes or leads was in dir@atact.
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ISCLATION
ISOLATED FRONT-END OPTICAL FIBER(S) NON-1SOLATED BACK-END
apc 3__ _ ] p CHAN
RECEIVER
D0 —_ ) p CHAN2
RECEIVER
MONTAGE 1
AmplifienADC
Reference {E1-E2)
Vem/100 o ) ~
to- v @ >
Vem Viso EARTH

Common Modevoltage Isolation Mode voltage

CHANNEL 1 = {E1 -CMS + ¥em/100) --> CMRR = 40dB: IMRR > 160 dB
CHANNEL 2 = (E2 -CMS + VYem/100) --> CMRR = 40dB: IMRR > 160 dB

MONTAGE 1 = (E1 - E2) + Adif * Vem/100 --> CMRR = 80 dB {min)
Where: Adif = Gain accuracy = +/-1%

Note: CMS-DRL loop has an open-loop gain of 100 @ 50 Hz

Figure 8.6 BioSemi diagram showing how the CMS & DRL work

8.5.3.1 Signal Generator

Leads from a waveform simulator (Department of CéhicPhysics and
Bioengineering, DCPB 375) were fed into salt solution.

The normal ECG wave was selected from the varietyafeforms that the simulator
can produce. An amplitude of 0.020V and a rate of 65 bpm \e&¥eted.

Each of the electrodes was placed in the solution m tur

8.5.3.2 Photodiode

A time varying luminance profile was created using a sifigdxagonal region which
alternated between black and white according depending orstébe of an m-
sequence and was projected on to a screen. The photodasdadaced in front of the
stimulus and its output was fed into a bath of salinetism. A BioSemi Active
Electrode was placed in the saline bath and a signalegasded.
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8.5.3.3 ECG

Physiological ECG signals were recorded simply by Ingldihe DRL and CMS
electrodes in one hand and the electrode under tes othibr.

854 Results

8.54.1 Signal Generator

Clear waveforms were seen on each of the 48 recortiamgels.

8542 Photodiode

Figure 8.7 shows two different photodiode recordings on édifftescales. The left
hand side shows a high temporal resolution in which theoappately square wave
response of the photodiode can be seen. The rightsshdewer temporal resolution
and illustrates the clear difference in signal whenrtiultifocal stimulation is on (as
indicated by the trigger signal — brown line) and off.

E— f"FU' g "U'W “ThUUIM'\ _w ]“f ||,|‘l,‘ .U |lrl,| V :

Figure 8.7 Data recorded from the photodiode. This is a screenshot of the BioSemi
file reader software. The left hand side shows a high temporal resotattord from
a single electrode, while the right shows a lower temporal resolug&cord from four

electrodes.
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8.5.4.3 ECG

Clear ECG signals were obtained and are shown in F&8rel'his compares well to
the example ECG waveform shown in Figure 8.9 and cleatiybies the PQRST

components.

HL“’F]L = a.l_\;

Figure 8.8 An ECG signal shown on two different temporal scales.
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Figure 8.9 An example ECG waveform taken from
http://www.ispub.com/xml/journals/ijmt/vol2n2/ecg-figl.jpg
8.5.5 Conclusion

Our intended use of the BioSemi ActiveOne was non-stdratal, as described in the
preceding Tasks, implementation was not simple. Withaytlocal experience of this
acquisition system or the active electrodes, it wasoaite to test the system with
simple, large signals to ensure that representative respamere achieved prior to
attempting more complex acquisitions.

Robust responses to signal generator signals, phototisgenses and ECGs were
seen. It was therefore considered expedient to attehgptatquisition of more

complex physiological signals.
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8.6 BioSemi System Tests — ActiveOne and Responses to Multifbca

Stimulation

8.6.1 Aim

To test the integration of the EDIU Multifocal Systemd the BioSemi ActiveOne

with responses which are increasingly complex and demanding.

8.6.2 Method

A multifocal stimulus was used to evoke a response f{iepna photodiode and (b) a
volunteer. Data was recorded using the BioSemi Actiee@uipment. The format of
the acquired files was converted and data was crosdatedeusing the EDIU
Multifocal System.

Photodiode recordings were made using the set-up describede irprévious
experiment. File conversion was performed using EDF2Mifas&correlation of
newly created .mf files was performed in the EDIU Maodtal System to produce

waveform array.

This was initially unsuccessful — no discernable wavafowere seen despite clear
signals being seen in the .edf files. A considerable uanaf time was spent
debugging software to ascertain the problem. The appean@nie cross-correlated
waveforms suggested that synchronisation of the stimulbavimur and recorded
data was not being achieved, resulting in cancellatiotatd and a noisy response.
File conversion, trigger identification, dynamic rangeadscaling and drift were all
investigated without achieving a clear cross-correlated Isigm#o problems were
finally identified. The first was with the sampling ratkthe BioSemi ActiveOne and
the second with the presentation of the multifocemhsius by the EDIU Multifocal
System. These investigations are described in Se@i6ra1 and 8.6.2.2.

With these difficulties addressed, several responsesuttifanal stimulation were

recorded, converted and cross-correlated. These were:

» photodiode responses to flash stimulation,
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MfERG responses measured via active electrodes placédeoskin at the

outer canthus and lower eye lid,
mfVECP responses to flash stimulation,

mfVECP responses to a 9-region mfVECP checkerboard Istimo.

248



Chapter 8 — Creating A Multichannel Multifocal Electropbysgy System

8.6.2.1 Sample Rate Difficulties

Asynchrony between the BioSemi ActiveOne sampling ratethe EDIU Multifocal
Systems stimulus presentation rate was suspected. ftbe Has been extensively
tested and verified as 75Hz, using photodiode measurementdefmartmental
research purposes and was not investigated further here.

A modification was made to the EDIU Multifocal Sest to allow it to interrogate the
BioSemi ActiveOne data after it had been converted usbD§2MF but before the
data was cross-correlated. The modification wrote autagshot of 256 data samples
each time the stimulating m-sequence was a +1 (high luncé)a

If temporal synchrony exists between the two systehem the first square wave
(photodiode response to a liquid crystal display projeptesentation of a period of

high luminance) in each of the snapshots should superimpbsewas not the case.

This suggests that the sampling rate of the BioSemi &btme system was not
exactly the specified 2048Hz, which introduced a systematior an the file
conversion software, EDF2MF. Data are read in by 8atp@7.33 seconds worth of
samples from a trigger point. If the number of samplessecond is not exactly as
expected, then within an m-sequence segment we are sangainguch or too little
of the data.

If the true sampling rate is 2048Hz, then 2048 samples confasteps of the m-
sequence and cross-correlation will be successful. Menvé the true sampling rate
is greater than 2048Hz then 2048 samples contains less thatep of the m-

sequence (and vice versa). This difference will meanittsa¢ad of the zero-order
cross-correlation adding together responses to synchronisedimulus steps and
subtracting responses to synchronised —1 steps, the additdosubtraction will be

averages of time delayed responses. The response wiluived and, as observed,
lost within background noise.

EDF2MF was modified to allow the user to vary the assidi sampling rate of the

BioSemi ActiveOne.

It was assumed that the .edf file structure was fiXdat is, regardless of the true
sampling rate, the .edf file will be structured in suchay what there are groups of
2048 consecutive samples from each channel placed sideldyFgure 8.3). The
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suspected fault therefore lies with the accuracy ofBliSemi ActiveOne’s clock

speed.

The .edf to .mf conversion was performed with iterativenges to the assumed
sample rate until the step up pulses created with easkeplof the m-sequence were
seen to align. This was achieved with a sample ra24 833Hz.

It was verified that changing the sampling rate in twigy did not introduce
discontinuities to the data, by reading the data fileen edf file and writing the whole
channel’'s data to a single stream of data. This was oeaveo a format readable by
MS Excel, plotted and visually inspected. No discontinsitwere seen.

In conclusion, it appears that the BioSemi ActiveOae &n internal clock that runs
fast. The time taken to record 2048 samples was not hddxd 0.96 seconds. This
time difference prevented the immediate success afrtiss-correlation process. This
is unlikely to cause difficulties in conventional EE@&arlings, but is crucial in the
present application.

Having ascertained the actual sampling rate, the EDF2MEdihversion can account
for the difference. The difference between 2048 and 213®8Hznot introduce
aliasing problems since the actual BioSemi ActiveOnepiagirate is downsampled
to 1200Hz for compatibility with the EDIU Multifocal System

8.6.2.2 M-Sequence Segment Difficulties

After correcting for sampling rate errors, photodiode des& was cross-correlated in
the EDIU Multifocal System. Clear photodiode responsawmained elusive. The
EDIU software allows the incoming data to be viewed durimggsicorrelation and
updates a waveform trace array after cross-correlathulp 80-second segments’
worth of data. The first segment appeared to show pnognéata, but it deteriorated
on each update. Oscilloscope investigations ascertaiaédhih alterations that were
made to the EDIU Multifocal System code in order teate the trigger and reset the
trigger after each segment of the sequence had resulted bog. Instead of
incrementing through the segments that create the whaléfocal file, the first
segment was being repeated each time and so the whaguarge was not being
used. This is illustrated in Figure 8.10. The cross-coroglgtrocedure assumed that

the whole m-sequence was represented. There was tiee@imis-match between the
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stimulus behaviour and the response of the photodiodkingsim cancellation of the
signal. Once identified, this was simple to rectify.
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Figure 8.10The photodiode response to the beginning of two different 30-second
segments of multifocal stimulation. The photodiode responses aremday,si
suggesting that the luminance stimulation is the same in each casehduid not be
the case. If stimulation increments through the whole m-sequenceaeti80-
second segment of stimulation, as it should, we should see a diffeterm pét
response each time. This data highlighted a bug in the stimulatiavasefivhich

prevented the recovery of signals on cross-correlation.
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8.6.3 Results

8.6.3.1

Photodiode

Photodiode responses to multifocal stimulation arenshd=igure 8.11 shows the

response to a hexagonal region which alternated betwaek &#hd white according

to an m-sequence. Figure 8.12 shows similar data. The stimuds a seven region

hexagonal pattern in this case. Stimulation was provideshdyCD projector, which

provides a square wave luminance profile as shown inrdugs frray. The signal was

passed through saline solution which accounts for the nois@onent.

:I: 378 Nanovolts

258 mg

Figure 8.11A photodiode response recorded by
BioSemi ActiveOne electrodes, converted and
successfully cross-correlated. The stimulus was a

single hexagonal region.

:I: .25 HanoWolts

A,

25 ms

WA

A

Figure 8.12Photodiode
response recorded by
NJW\\ BioSemi ActiveOne
electrodes. Data was
successfully cross-
A correlated. The stimulus
was a seven-hexagonal-

region mfERG stimulus.
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8.6.3.2 Normal Volunteer — mfERG

By placing active electrodes directly on to skin and ingldhem in place with
micropore, it was possible to recover a mfERG respamse dingle flash region. A
13-bit m-sequence was used to control stimulation. A cl&&RG waveform was
recovered and can be seen in Figure 8.13.

I 625 ManoWolts

25 mz

Figure 8.13A mfERG response to a single hexagonal flash stimulus recorded using

the BioSemi ActiveOne system.
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8.6.3.3 Normal Volunteer - mfVECP

mfVECP recordings were made using a single checkerboardnragieersing
according to a 15-bit m-sequence. While this provides no spafiiamation about
the visual field, it was selected to produce as large aakigs possible. Small

physiological responses were successfully recovered.

The complexity of the stimulus was increased to a 9-sgaare checkerboard pattern.
Each area contained a 4x4 checkerboard pattern. Signasaeesmall to recover, as

can be seen in Figure 8.14.

I 28 Mano ol

100 me

Figure 8.14A mfVECP response to stimulation with a square stimulus with 9 regions.
Each region contained a 4x4 checkerboard pattern.
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8.6.4 Conclusion

The hardware and software of the ActiveOne and the BiMillifocal Systems have
been successfully integrated to create a multichammeltifocal system capable of
recording multifocal electrophysiology. The resolut@fiithe 16-bit ActiveOne ADC

is sufficient to allow detection of photodiode resportsesiultifocal flash stimulation

and mfERG sized signals. Had we encountered mfVECP sigriahe magnitude
reported in the literature (12;13;17;33;76;109;127) we would haen kable to

recover mfVECPs from the system. Our signals weraifgaggntly smaller. This is

discussed further in Section 8.9.

For the size of mfVECP signals we observed, the A880lution was insufficient. An
amplifier upgrade to the 24-bit ActiveTwo BioSemi Systeaswbtained to allow the
newly created software and system to provide extensiveletaded datasets from a
group of control subjects.
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8.7 BioSemi System Tests — ActiveTwo

8.7.1 Aim

To upgrade the integrated system from ActiveOne to Activeifworder to provide
better ADC resolution.

8.7.2 Methods

Having successfully integrated the BioSemi ActiveOne wiithh EDIU Multifocal
System, the upgrade focussed on adapting to the differert@sen ActiveOne and
ActiveTwo. The ActiveTwo is capable of acquiring froande numbers of electrodes.
Sufficient funding was obtained to purchase 16 ActiveTwotebdes.

8.7.2.1 Synchronising the BioSemi ActiveTwo with the EDIU
Multifocal System.

A trigger can be used to start and stop saving of the dakenwhe ActiveTwo
system. If this facility were to be used, it would allohe acquired file to contain
physiological data that was in response to stimulatidy and to eliminate redundant
data. It would require changes to the EDIU Multifocasteyn software and hardware
code, which were considered unnecessary since the set-upbelggareviously has

been proven to work.

8.7.2.2 File Format Conversions

ActiveTwo used a different file format known as ‘.bdfhis is a 24-bit version of the
16-bit .edf file format. BioSemi provided a .bdf to .edé ftonverter. This could be
implemented at different settings that affected tharmd of resolution and dynamic

range.

In Chapter 7, twelve healthy normal volunteers undenaesdries of eight mfVECPs
with different stimulation rates. Data was recordedlenBioSemi ActiveTwo. One
of the mfVECP datasets from each subject was seletteehdom and used to assess
the appropriate range for conversion.
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The .bdf file was converted to an .edf file using eacthefdynamic ranges provided
(1.0uV, 0.51V, 0.254V, 125nV, 62.5nV and 31.25nV).

A short program was written to determine whether usihgh resolution conversion

with a small dynamic range of 31.25nV would result in atymtion.

8.7.2.3 Testing
Tests similar to those previously described were peddrm

After experiencing difficulties with the clock speed lo¢ BioSemi ActiveOne system
(Section 8.6.2.1), the sampling rate was tested using #tbodwplogy described
previously. This ensured that photodiode square wave pulsetisalaples taken at
each +1 m-sequence step overlapped. There was no ettt ActiveTwo and an
overlap was seen when a 2048Hz sampling rate was assuntied filg conversion

software.

The original ActiveOne system provided 48 recording electr@ohes would have

allowed high spatial resolution sampling of signals fraross the whole scalp. 16
active electrodes were available for acquisition whe tActiveTwo system and
compromises were therefore necessary. The majofitheoelectrodes were placed
over or near the occipital cortex, while a small bemwere positioned remotely from

it. Positions are shown in Table 8.3 and Figure 8.15.
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Active Electrode Position
No.
1 F
2 G
3 Py
4 P,
5 Py
6 5% of head circumference right of PO
7 PQ
8 5 % of head circumference left of PO
9 5% of head circumference right of O
10 o)
11 0
12 O
13 5% of head circumference left o O
14 5% of head circumference right of the inion
15 Inion
16 5% of head circumference left of the inion
CMS 10% of head circumference left of C
DRL 10% of head circumference right of C

Table 8.3Active Electrode positions
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International 10-20
Svstem

International 10-20
System

Inion

Figure 8.15Locations of 16 active electrodes. The left hand side shows thealim@al 10-20 electrode placement system and the right hand

side shows superimposed active electrode positions.
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8.7.3 Results
The trigger was found to behave as expected.

The specified sampling rate of 2048Hz was found to be aecara no sampling rate

correction to the EDF2MF file conversion software wasessary.

With one exception, performing the .bdf to .edf filencersion at the highest
resolution with a range of 31.25nV did not result in saiomaln the exceptional case,
the single channel demonstrated significant saturakorther investigation of the
raw data indicated an artefact thought to be due toemtretle becoming detached
from the scalp. This channel was removed from furthatyses.

The proportion of the 31.25nV range in use was, on averagawging from 2% to
54%.

This was sufficient to recover the small mfVECP slgmdbserved in this laboratory.

Figure 8.16 shows a recording from a normal volunteer sedjwvith channel A10
(International 10-20 positionf Stimulation was performed at 37.5Hz with an m=13
bit m-sequence. A 60-region dartboard stimulus subtendingdius of 28 of the

visual field was used.

Figure 8.17 shows the mfVECPs acquired with all 16 recordimanmels from a
different volunteer. Again stimulation was provided bgQaregion dartboard pattern
subtending a radius of 22f the visual field. In this example, the stimulatrate was
25Hz, m=13. It can be seen that some channels provideusef@d information than
others.

8.7.4 Conclusion

Integration of the BioSemi ActiveTwo with the EDIUultifocal System was
successful and together they were used to record dataouseddtigate the optimal
rate of stimulation for mfVECP recordings (Chapter 7).

With the equipment currently available to us, we cajuaie data from 16 electrodes.

The system is however, capable of acquiring data from20@ electrodes.
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Figure 8.16 A mfVECP recorded from a normal volunteer from the BioSemi
ActiveTwo System.
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8.8 Selecting Optimal Recording Locations

8.8.1 Introduction

Having created a system which can acquire data from l@aecsites, it is useful to
work out which electrodes are providing us with the nusstful data. It is recognised
that a 16 channel acquisition may not be an attracti wgtion in the clinic,
particularly if active electrodes are not available dad greparation is required.

8.8.2 Aims

To select from the 16 recording locations shown in Fighib those that most
successfully obtain identifiable signals from as mariytlee 60 independently

stimulated areas of the visual field as possible.

To select a combination of four channels which allow deteof waveforms from a

maximum number of stimulated areas.

8.8.3 Methods

This investigation uses a subset of data acquired duringntiestigation of the
optimal stimulation rate for mfVECP acquisitions, désed in Chapter 7.

MfVECP responses were successfully recorded from 12 hohealthy volunteers
with no known ophthalmic or neurological conditiongngsthe ActiveTwo electrode
and amplifier system integrated with the EDIU Multéd&ystem.

Signed consent was obtained after the experimentalquidtad been fully explained.
Ethics approval was obtained from the West of GlasgogalBthics Committee.

Subjects were optimally refracted using their own spéetaand their pupils were not
dilated. Recordings were monocular. Stimulation wasvigeal by a 60-region
dartboard pattern. Each region contained a 4x4 black ane whmiickerboard pattern
and the size of the regions was scaled for corticgmfication. The stimulus was
back-projected onto a screen by an LCD projector and rsidxlea 22 radius of the

visual field. The luminance of white areas varied actbssscreen from 903 cdmto
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1384 cdrif and black areas varied from 12 c¢8imo 309 cdrif. Contrast varied from
98% peripherally to 49% at the centre of the screen.

Each subject underwent a series of eight mfVECPs dewys. The stimulation rates
were 75Hz, 37.5Hz, 25Hz, 18.75Hz & 12.5Hz using m-sequence lengtiingdrom
m=12 to m=15 in order to maintain reasonable recording timdisdétails are given
in Table 7.1.

Electrodes were placed as shown in Figure 8.15.

BioSemi replaces the ground electrode used in conventisygiems with two

separate electrodes, the Common Mode Sense (CMS)oelecnd the Driven Right
Leg (DRL) electrode. These two electrodes form a faekilloop, which drives the
average potential of the subject (the Common Mode vQltage&lose as possible to
the ADC reference voltage in the ADC-box. The CMScebtde is used as the
reference for each of the 16 monopolar recording channels

The BioSemi ActiveTwo is DC coupled and low pass fittgris performed by the
ADC. This provides a very wide frequency bandwidth. Signe¢se sampled at
2048Hz and downsampled to 1200Hz when data was converted tomat for
recognizable by the EDIU Multifocal System for crossretation. Data was then

filtered through a 3-30Hz digital bandpass prior to crossetaiion.

The performance of each electrode was assessed byatalguhe signal to noise

ratio (SNR) of each of the 60 cross-correlated wawve$oThe method of calculation
is discussed in detail in Chapter 4. A window of 45-250ms wugesl to calculate

SNR. This is different from the 45-150ms time window usethéprevious chapter

and is based on an observation and subsequent analysenteck in Chapter 7
(section 7.3.4). A detection rate in terms of the numbbeesponses to each of the
stimulated visual field areas was calculated. This wasraged over all eight

recordings made with different stimulation rates.

Using a subset of the data acquired with a stimulatada of 25Hz and an m-
sequence length of m=13 for n=12 subjects, a selectimuofiectrodes was made to
maximise the number of detectable waveforms in responge t60 stimulated visual

field areas.

Initial observations indicated that very little usefformation was obtained from

channels A1 and A2. They were therefore excluded fromduritivestigation. All
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possible combinations of a selection of four channels ftbe remaining 14 were
assessed to optimise the number of detectable respgbrseghout the visual field.

266



Chapter 8 — Creating A Multichannel Multifocal Electropbysgy System

8.8.4 Results
8.8.4.1 Individual Channels
From inspection of the data, it is clear that

* Channels A1 and A2 provide little useful information. Thisursurprising

given their distance from the occipital pole.
* Channels A3-5 show an improvement over Al and 2.
» Channels A6-8 are significantly better than A1-5.

* Channels A9-13 also show good trace arrays. In some sybjeetsnore

lateral electrodes, A9 and A13 are slightly poorer.

* Channels A14-16 contain some useful information, but theyhatreuite as
good as A10-12.

These observations were formalised in an analyses, rdsults of which were
presented in Figures 8.18 and 8.19.

A detection threshold was defined as th& @@rcentile of the distributions of SNR
values calculated for the un-used m-sequence cross-timmsjeor noise estimations.

Waveforms within the trace array exceeding the detetti@shold were identified.

Analysis was performed on data acquired from 16 electrdai@sg all eight mfVECP
acquisitions from the 12 normal, healthy volunteers.

Plots have been created for each of the electrodeshich each stimulus region is
represented. Every unit of the plot indicates the peage of waveform responses to
that region, which exceeded the detection threshold. ducacale has been used to
depict the detection rate. Unfilled or blue locationsdate a detection rate of 20% or
less. Red or pink locations indicate detection ratesxzess of 50%. Figure 8.19
presents such plots for all 16 recording electrodes. Drata each electrode is
arranged in the pattern shown in Figures 8.15 and 8.17 andotledttmsert of Figure
8.19.

Figures 8.18 and 8.19 confirm the observations listed aboean lalso be seen that:

* There is better detection of responses to stimulabelow the horizontal

meridian compared to above.
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* No single channel shows good detection of waveforms 60 areas of

the visual field.

» The best detection rates are seen for waveform respomstimulation of the

centre of the visual field.

* The best detection rate is achieved with channel A6, wisigiositioned at
the vertical height of POand 5% of head circumference to the right of the

midline.

Detection Efficiency of Recording Electrodes
30% -
25% - — -
20%
15% -

10% -

Detection Efficiency

5% -

O% T T T T T T T T T T T T T T T 1
Al A2 A3 A4 A5 A6 A7 A8 A9 A10 All Al2 Al13 Al4 A15 Al6

Electrode

Figure 8.18The detection efficiency of each of the 16 recording electrogga. D
presented is an average over 60 stimulated areas over the visualdieid 8
mfVECP acquisitions from each of 12 subjects.
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Figure 8.19(Previous 2 pages) Schematic showing how frequently each of
the 16 recording electrodes acquires mfVECP responses that exceed the
detection threshold. For each electrode, data are presented for each
stimulated area of the visual field and reflects the proportion of tidtlec
responses from a maximum of 96 (12 volunteers x 8 mfVECP recopaings
volunteer). The schematic therefore summarises 92160 waveforms (60
waveforms per channel x 16 channels per recording x 8 recordings per
volunteer x 12 volunteers). Data from each electrode is arranged in the
pattern shown in the top left insert.
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8.8.4.2 Optimal Combination of Channels

Every possible combination of four monopolar recordingnobés from the 14
electrodes which were adjudged to contain useful infaomatvas assessed. The
number of possible combinations, independent of order,visngby Equation 6.2

below, where r items are chosen from n.

N = nCr = n
r r!(n _ I‘)! Equation 8.2

Using Equation 8.2, there are 1001 possible combinations dfo&ec of four
electrodes from a total of 14. Selecting four from 16 the number of possible
combinations to 1820. Based on the extent and patternw&faran detection shown
by electrodes Al and A2 (depicted in Figure 8.17) it was nasidered worthwhile

to increase the computational workload of this invesogatith their inclusion.

For each combination, a waveform had to be detectedrbyianum of one of the
four electrodes to be considered detectable. The perceotatgtected waveforms
was averaged over the 60 stimulated areas of the visldlféir a single mfVECP

recording from each of the twelve subjects.

The lowest detection rate was 42.8%, which was provided bydhwination of
electrodes A4, A5, A7 and A8.

The best detection rate was 57.5%, which was provided by dhwication of
electrodes A5, A7, A9 and Al16. These are highlighted in blleéguare 8.21.
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International 10-20
Svstem

Inion

Figure 8.21Showing the locations of the 4 electrodes which provided the best

detection performance.

The pattern of detection using the best and worst combmafielectrodes is shown
in Figure 8.22. A different colour scale is used to thatleyea in Figure 8.19. This
is because the data presented here is the combined deteat®nof four
complementary electrodes rather than that of singletreldes and detection rates are
therefore much higher.

Improvements in detection rates are seen throughout thie wiaoeform trace array.
The greatest improvements are seen in the detectienofawaveforms above the
horizontal meridian.
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Figure 8.22The pattern of detection of waveforms in the trace array withvtirst
performing combination of four electrodes (above) and the best (below).
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8.8.5 Discussion
8.8.5.1 Individual Channels

The data presented on individual electrodes, encompassiss performed with
varying stimulation rates and m-sequence lengths and jsthrerefore, a uniform
dataset. However, this is a test system which is ecessarily recommended for
clinical use, but for the purposes of optimisation ottete positions and other
aspects of mfVECP acquisition. It is therefore useftnow how well the electrodes

perform under a variety of conditions.

Electrodes positioned over the occipital cortex detesteforms more efficiently than
those remote from it. From inspection of Figures 8.h8 8.19, detection rates
increase significantly for electrodes A6 —A16 compared ttreldes A1-5. No single

electrode provides good detection of all waveforms withentthce array.

8.8.5.2 Optimal Combination of Channels

In contrast to data presented on individual recording chsntieis part of the
investigation used data from a single mfVECP recordingefach of the twelve
subjects, rather than averaging over eight recordings.

Figure 8.19 presents the individual electrode data and stimwghe lower visual
field is more efficiently detected by the majority ¢detrodes. This clear distinction is
not seen in Figure 8.22 which looks at the combination t# @#am four recording
channels. The use of a greater number of recording Bdesmade a significant
improvement in the detection rates of waveforms frédmisual field areas, due to the
fact that the dipoles evoked in the visual cortex caintegrogated as four different
projections onto the scalp, increasing the likelihoodtdéast one of the four being
conducive to recording a response above the thresholdis#. nche complementary
nature of this data has had a particularly beneficiakefin the upper visual field.

The data presented in Figure 8.22 was acquired with a stionutate of 25Hz. The
impact of stimulation rate is discussed in detail inféa7. One of the findings is
that while a standard stimulation rate of 75Hz favourddher visual field over the
upper, this disparity is not seen to the same extennwhe stimulation rate is
reduced to 25Hz.
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Figure 8.22 shows a significant improvement in detectitesrahen a combination of

four electrodes is used, compared to the data preserfteglire 8.19.

Combinations of four electrodes were assessed. Fouroglestrare a manageable
number to use in the clinical situation, regardles®lettrode type. When active
electrodes are used, there is no need for skin preparatidnso there is little
disadvantage to either the patient or the test opermatarsing more acquisition
electrodes. Each additional channel will, however,aase the quantity of data to be
stored, processed and interpreted. Further automationapdatessing is required to

make this a manageable, routine task.

Using four channels, the maximum detection rate was foontbet 57.5%. The

combination of a greater number of channels may incréasegalue.

The optimal combination of channels was found to be A5, AF,aAd Al6. In
International 10-20 terms these can be described asgmssB, PO, 5% of head
circumference right of @and 5% of head circumference left of the inion. This
represents an electrode from each horizontal row eflié electrode array, and
electrodes from opposite sides of the occipital corfiéne combination therefore
detects the widest possible variety of projections ahugfited dipoles on to the

surface of the scalp.

When different combinations of electrodes were considemeghrovements in
detection rates were gradual. To illustrate, there wBfecombinations of four
electrodes which gave a detection rate of 55% or greaséerall of which exhibited
the left sided bias of the A5, A7, A9 and A16 combinatiolme Tistribution of the
electrodes at different horizontal positions and orerght sides of the scalp is

however, a feature in all 37 cases. The first 12 caseshawn in Figure 8.23.

It seems likely that a repetition of this analysishwat different dataset could result in
a different optimal combination, but that the pattefrdistribution above, below and

on either side of the inion is unlikely to change.

Specific electrode locations cannot therefore be rem@mded from this analysis, but
the pattern of having electrodes on either hemisphere mtwboted at different

vertical heights is consistent throughout the besivgcombinations. These features
are also seen in electrode placements used by researgtsdreaded by Hood and

Klistorner and Graham, in their bipolar recording chasinel
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Figure 8.23The first 12 best combinations of four electrodes. Each unit of the
diagram is a copy of the overlay of electrode positions in Figure 8.21.

277



Chapter 8 — Creating A Multichannel Multifocal Electropbysgy System

8.9 Discussion

Data acquired by the BioSemi system is written to flaimonopolar format, with
each electrode referenced to the Common Mode Sengeoele. Monopolar data is

therefore more accessible than bipolar channel data.

The use of monopolar recording channels referenced tavdmrage potential of the
subject (See Section 8.5.3) with electrodes in the tmtsatiescribed in Figure 8.15
and Table 8.3) is very similar to that used by James imblgchannel investigation
of the Pattern-Pulse Multifocal VEP (17). In his studgctodes were placed at the
inion and above, as is the case here, and monopo&aneat presented. In that study
data was presented dichoptically via a shutter goggle mysiea FOV of 16 of

radius preventing a meaningful comparison of his datativthpresented here.

Those investigators who use a smaller number of regprclannels in mfVECP

acquisitions tend to use bipolar recording channels.

In a wide range of studies, Hood and his colleagues acfnoine three bipolar
channels with electrodes placed 4cm above the inion antheomnion along the
midline, and 4cm right and left of the midline at agmiof 1cm above the inion
(14;14;15;19;125;136;162) and go on to derive a further three bipléamels by
subtraction. Klistorner, Graham and their colleague® hesed electrodes 4cm either
side of the inion a further two electrodes placed omiltdine at a variety of heights
above and below the inion (76;77;111;123;158;159;163).

With the multichannel multifocal system created hérés possible to create bipolar
data by subtracting the data files from one anothéweeiprior to or after cross-
correlation. This could provide 240 possible bipolar data charireah 16 recording

electrodes.

A brief comparison of BioSemi acquired data has beefoqeed by creating bipolar

data from electrode placements close to those use@ iactjuisition from the EDIU

multifocal system with Ag/AgCl electrodes in bipolar seding channels in earlier
chapters. Those recording channels were chosen as egamfifledse used by other
authors.
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Figure 8.20The top row (a) shows bipolar data derived from the
BioSemi Multifocal Multichannel Acquisition system. The bottom row
(b&c) is data acquired from the same subject with the EDIU
Multifocal system and Ag/AgCI electrodes. In all cases, stimualat
was 75Hz, an m=15 bit m-sequence was used and stimulation was
presented by an LCD projector. Differences exist in the FOV of
stimulation and exact electrode positions. These were as follows: (a)
FOV = 22° electrodes POz — inion (approx 4.5cm above the inion —
the inion), (b) FOV = 20 electrodes 4cm above the inion — the inion

and (c) FOV = 20.5 electrodes 4cm above the inion — the inion.
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Figure 8.20 shows a comparison of bipolar data derived byastibtn of monopolar
data acquired with the BioSemi multichannel multifosgstem and data recorded
from bipolar channels by the EDIU Multifocal System. daarrays show similar but
not identical responses. Greater agreement could be adhmith an exact
replication of all recording parameters such as FO\Giggeelectrode locations and
the type of electrode used. Waveshape shows good agreemeany trace array
locations, as does latency. Differences are seempiitade due to differences in

sensitivity and amplification of the two acquisitiorsems.

It is not possible to do a direct comparison of our tlaaublished trace arrays from
the work of Hood, Klistorner and Graham and their nesegroupsbecause of their
technique of selecting the best data from a selectiorrecbrding channels.
Furthermore, Klistorner & Graham’s work uses channelth wiectrodes placed
below the inion, an area of the scalp which was aotpged with our 16-electrode
array on this occasion. We do not therefore have tigparable data. The software
required to make and present such a selection is ndalleafor the present work,
but would undoubtedly be a useful addition to the EDIUvgrie in the future.

Further work on a direct comparison would be instructiVvbe multichannel
multifocal system that has been created is fully bkgpaf performing such a
comparison and providing a wealth of information abouteatgnumber of bipolar
recording channels.

Following the approach of James (17), monopolar data has fresented. It is
further analysed in the following section, with the afiselecting a group of four of
the 16 monopolar recording channels which can provides théegremmount of
useful information about responses to stimulation lodr@as of the visual field. This
was performed in recognition of the fact that large tedele arrays may not be
considered attractive for routine clinical protocols.

Investigation into the appropriate resolution for filenfiat conversion showed that
the smallest dynamic range with, correspondingly, thghdst resolution
accommodated the mfVECP data comfortably. This highligtedact that the signals
being recorded in this laboratory are particularly snfaignals recorded by other
laboratories have been reported as much larger (12;13;17;33;A2109This may

be due to the use of an LCD projector to create the stgnu
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The LCD projector was selected for use in this seriesxpkriments because the
department has extensive clinical and research exper@rits use. LCD stimulation
has been shown to evoke robust mfERGs due to its hmgimdunce, the wide FOV it
can provide and the low levels of electromagneticrietence it creates. The
differences between CRT and LCD stimulation in th¥’ BEP are discussed in detalil
in Chapter 5. The equipment available for use in this stub/therefore designed for
MfERG rather than mfVECP acquisition. In light of tfiadings of Chapter 5,
repeating the experiments described here with CRT stiimnlevould be appropriate

and may provide larger responses.

The hardware and software of the EDIU Multifocal and®imi Systems are not
designed to work together. Integration has been succesafthieved for research
use, but the software control of acquisition and tleeddnversions required do not as

yet make it a user-friendly system for routine clatiase.

Future modifications of the EDIU multifocal systenutbinclude the ability to cope
with a larger number of channels of data, making thegssing of multichannel data

simpler to manage.
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8.10 Summary

The multichannel acquisition capabilities of the BioSéativeOne and ActiveTwo
systems have been successfully integrated with theulstgnpresentation and data
processing functions of the EDIU Multifocal system,ufesg in a research tool that
can simultaneously record mfVECPs from 16 electrodetimts without the need to
use skin preparation.

The experiments in this chapter describe the evolutioa onultichannel system
capable of recording simple physiological and non-phggical signals to one that
can receive trigger input from complex, time critical visséimuli and allow

responses to multifocal stimulation to be cross-dated. The final step of increasing
the system resolution permitted the recovery of smMECP signals. A series of

problems were identified and solved along the way.

Optimal monopolar recording channels have been determinedmAination of four
electrodes positioned above, below and to the rightiefh@f the occipital pole was
shown to interrogate the evoked dipoles within the oadiportex most efficiently.

This is a very powerful system that can acquire a lage quantity of data has been
developed. We were restricted to a mere 16 electrodefyhedlculating data from
bipolar recording channels, post acquisition, it would besipées to provide 240
bipolar data channels. The BioSemi ActiveTwo is capablgcquiring data from as
many as 200 electrodes, which theoretically could provide fdata 19900 bipolar
channels, allowing interrogation of the visual cortex framincredibly large number

of orientations.

A larger number of electrodes would allow a greater saguif the positions below
the inion and would permit a direct comparison of atiording channels currently
being used in the literature.

This could be used to provide a very thorough investigatibrnvhere to place
electrodes for robust, routine clinical use. While foas been selected as a practical
number of electrodes to be used clinically, it is warthing that the use of active
electrodes and the lack of skin preparation required Withsystem means that the
routine acquisition of data from a larger number of ckénould be tolerated well
by patients and visual electrophysiologists alike.
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Chapter 9 - Conclusions and Further Work

9.0 Overview

The multifocal visual evoked cortical potential is anciBrg development in
multifocal electrophysiology and objective field testingAchieving clear,
unambiguous waveforms is, however, technically challengiihgs thesis tackled a
number of areas in which there is potential for impngyperformance.

The issues investigated were:

» Whether a novel method of SNR calculation could imprthe ability to distinguish

between true signals and traces containing noise alone.
* What is the most appropriate bandpass filter to usemi{HECP data?

» Whether mfVECP stimulation should be presented on & @Bnitor or by an LCD

projector.
* What is the most effective stimulation rate?

* What are the most appropriate recording channels ?

284



Chapter 9 - Conclusions and Further Work

9.1 Quantifying Multifocal Signal Quality

Optimising the mfVECP requires the acquisition and amatyssubstantial quantities
of data. Automated methods of waveform characterisat@tharefore necessary.

A novel method of calculating the signal to noisérat multifocal electrophysiology
recordings has been presented which employs orthogosaljoences that are not
used to control regions of the stimulus. The methoceferred to as the Dead M-
sequence or Dead-M SNR.

The Dead-M approach allows the creation of a numbensk estimates providing a
group of waveforms which are unrelated to the responseheoivisual cortex to

multifocal stimulation. This permits receiver operaticigaracteristic (ROC) curve
analysis to test the performance of the mfVECPueder different conditions.

The Dead-M SNR has been compared to one of the mdsiywused methods of
mfVECP SNR calculation (Delayed Time Window, DTW)dafound to give
comparable results. The Dead-M SNR values of croselations of the
physiological response with unused orthogonal m-sequeneeasa distribution of
SNR values which is more tightly distributed than thashieved using the DTW.
This creates a small improvement in the ability to wiggtish between noise and
signal. mfVECP test performance can therefore be ivgaroalbeit slightly, by the
use of the DeadM SNR value calculation method.

Having illustrated the advantages of the Dead-M SNR, it pusisnto practise with

robust mfERG signals. A small, statistically sigrafit improvement in signal quality
is demonstrated when data are acquired using gold foilretes instead of DTL

electrodes. While this is an interesting finding in its awght, it shows that the Dead-
M SNR is a useful metric not only with mfVECP data laldo with more robust
mMfERG data.

A final test of the Dead-M SNR metric was performed byngist to quantify the
improvements in signal quality of mfVECP data with iragi@g m-sequence length.
The Dead-M SNR increased with each increment of thequesee as expected, but
failed to reach the maximum theoretical improvements Thilikely explained by a
real reduction in the size of the visual evoked resporsas@uisition time increases
and a genuine absence of responses in some recording shentie behaviour of

dipoles evoked at disadvantageous orientations within thalveortex which will
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remain undetectable, rather than an anomaly in thevimemaof the Dead-M SNR
metric. The SNR of mfVECP responses is low and theements seen with
increasing m-sequence length support the use of as long eguarse length as can

be tolerated.

mfVECP trace arrays obtained with different m-sequelecgyths showed good
agreement in amplitude, latency and waveshape despite olliiberences in the
level of superimposed noise, indicating good reproducibilifgeasonable
reproducibility was seen with later experiments witlmiir but not precisely
reproduced recording parameters. Further work should includassessment of

reproducibility based on exact repetitions of all recaygiarameters.

Other methods of SNR value calculation have been piesd€125;129;158) and the

Dead-M SNR metric could usefully be compared with them.

Later experiments presented within this thesis noted aseck latencies, raising the
guestion of what is the most appropriate window over wtdatalculate a SNR value.
A time window of 45-250ms was compared against a frequentty wselow of 45-

150ms. Under specific experimental conditions, thers wabenefit to using the

longer time window.

If future experimental work results in further increaselstency or major changes in
waveshape, it would be worthwhile to reconsider the wimelow used for SNR

value calculations.
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9.2 Filter Bandwidth

A detailed study of the most appropriate bandpass filteppty to mfVECP data was
carried out. Recent literature reports the use of aietya of filters
(17;19;123;128;138;139), but little information is given to suppbe s$elections

made.

The use of noise estimations based on cross-coomdadif the raw data with unused,
orthogonal m-sequences allows ROC analysis to teas¢heudifference between

improvements in SNR and improvements in mfVECP tedbpeance. It was shown

that the frequency spectra of noise estimations and wamsfcontaining both signal

and noise were very similar and that filtering tiere has an impact on both. While
filtering can increase the SNR of waveforms within tteee array, it also increases
the SNR of noise estimations. As a result, improvementest performance are not
as great as might be hoped from inspection of the s§)d& data alone.

Filtering with a bandpass of 3 to 20Hz after cross-cdioglahas been performed
showed the best performance and maximised the SNR aferavs within the trace

array.

It is increasingly simple to apply post-acquisition, pastss-correlation filters to
improve data appearance and SNR. Continued acquisiticlatafwith a relatively
wide hardware bandpass filter, with the removal of une@ frequencies post-
acquisition, is therefore recommended. The resulteeopresent study would suggest
that a default post cross-correlation filter of 3 20Hz should be used, but an
experienced reporter should be able to tailor filteringiddividual recordings, since

noise contributions are not constant.

This investigation looked at only two types of filter, &iser and a first order Bessel
filter. There are a wide range of other filters aafalié which may show further
improvements. At a simple level, the investigations peréa here could be extended
to include comparisons with the impact of higher order &ddgers, or other filter
designs such as the Butterworth. As noted in Chapter & saphisticated methods
of data filtering are being introduced and are increasisghple to apply. Wavelet
filtering is one example which could provide further Hen&Vhile Smart filtering
was not particularly successful in the brief investigatiescribed in Chapter 5, if
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written specifically to work with mfVECP data, it could opide additional
advantages.
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9.3  Stimulus Delivery

The technology used to deliver visual stimulation has bémscussed and a
comparison of the use of a CRT monitor and an LCD ptiojecsystem was

investigated.

In the mfVECP, the recovered signal quality is bettken a CRT monitor is used to
deliver the stimulus rather than an LCD projector. &ite mfVECP is a small signal
presenting challenges for signal detection, the usea &RT monitor presented

stimulus is recommended over an LCD projector.

This comparison looked at LCD projectors and CRT scre@isle this was an
appropriate comparison when the experiments were perthrithere have been
developments in VDU technology which means that LC2ests are now far more
widely available than CRT screens. As such future work coutdullg look at
aspects of the LCD screen stimulus delivery which ma lavimpact on response
topography and signal quality.

A range of fields of view were stimulated during mfVE@&eardings. Data presented
here is the first to use the most commonly used 60-medartboard pattern to
investigate the optimal field of view. It was found tek&nals could be recovered out
to a radius of 3Dof the visual field, but that the detection of waveisrbeyond that

was poor.

Field of view investigations employed midline recording ch#mreis possible that
differently oriented channels could improve detectiotegafrom very peripheral

areas.

The field of view of stimulation was varied, while tharse geometry was maintained
throughout. As a result, the checksize used in eacbrrdgcame larger, as the field
of view increased became larger. A complementary fsexmeriments could increase
the field of view by introducing new rings to the dartlebstimulus and thus maintain
the same check-size for inner rings throughout thessefiacquisitions.
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94 Rate of mfVECP Stimulus Presentation

mfVECP stimulation is most frequently performed at 75kiowever there is
evidence that slower stimulation rates may result more robust responses
(17;104;109;114-116;150). A group of 12 healthy volunteers therefore wewater
mfVECP testing at frequencies of 12.5Hz, 18.75Hz, 25Hz, 37.5817 3Hz.

It was found that sensitivity of the mfVECP test canim@roved by reducing the
stimulating frequency from the standard rate of 75Hz toz2%drther improvements

in sensitivity were not seen when the stimulatiaste was slowed below 25Hz.

These improvements were accompanied by changes in thedmplitude and timing
of the waveform. As the stimulation rate was de@dadatencies were seen to
increase, amplitudes increased and a late negative troagiméemore prominent.

The difference in detection rates with stimulatiotereeached statistical significance
for the comparison of 75Hz and 25Hz stimulation. 25Hz d#timn for 6 minutes
was superior to 8 minutes of 75Hz stimulation, despite -fwld8decrease in the
number of pattern reversals. In a situation whereasiguality can be poor and
clinical subjects cannot always tolerate long testingomals, this is a particularly
interesting finding.

Subtle advantages were seen in the balance of sigeatidetin the upper and lower
hemifields and the maintenance of detection rates fpmripheral visual field
locations when 25Hz stimulation was employed. This suggdsis the slower
stimulation rate evokes responses from different pErtee visual cortex and could

include a greater contribution from extra-striate cortex.

Future experiments could investigate whether test perfoemamuoves further if the
stimulation rate is kept at 25Hz and the m-sequence lengthreased to m=14. This
would increase recording time to 12 minutes, which is swamftly longer than 8
minutes. However, when viewed in terms of the resulShapter 4 which suggested

that for 75Hz recordings an m=16 recording requiring 16 minugssworthwhile or

the work of Hood and co-workers who regularly perform tws of an m=15bit m-
sequence at 75Hz requiring 16 minutes (14;125;146;162), 12 minutes may be a

reasonable compromise.
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The stimulation frequencies employed here were lonbg the necessity of using
integer fractions of 75Hz. Additional improvements may $een with other
frequencies close to 25Hz.

This work provides a sound basis for changing the standandlgting parameters
from 75Hz using an m=15 bit m-sequence to 25Hz with an m=13 beiguesice.
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9.5 Multichannel, Multifocal Recording System and Investigation of
Electrode Placement

The multichannel acquisition capabilities of an EEG rdicg system were

successfully integrated with the stimulus presentatiohdata processing functions of
the EDIU Multifocal system, resulting in a researchl th@at can simultaneously
record mfVECPs from at least 16 electrode locationhiouit the need to use skin
preparation.

The experiments in this chapter described the evolutioa ofultichannel system
capable of recording simple physiological and non-phygioal signals to one that
can receive trigger input from complex, time-critical viswgimuli and allow

responses to multifocal stimulation to be cross-cateel

The system was used with 16 recording electrodes bupabte of simultaneously
recording data from many more. The ISCEV standard foverttional VECPs (27)
uses monopolar recording channels and this thesis focusseactuired data in a
monopolar format. Bipolar channels can be simply caledlay subtraction and are a
natural progression for future investigations. When raongritom a large number of
electrodes, there are a very large number of pairsectredes from which bipolar
data can be derived. This would permit the interrogatioth@fvisual cortex from a
very large number of orientations which will increa$e fprobability of evoked

dipoles within the convolutions of the cortex being detiele.

Optimal monopolar recording channels electrode positions baen determined. A
combination of four electrodes positioned above, belowt@anide right and left of the
occipital pole was shown to interrogate the evoked dguwlithin the occipital cortex
most efficiently. A significant volume of data wagqaired in the presented
experiments. This could be analysed further and may hightiige fact that different
combinations of electrode positions are optimal undifferent stimulating

parameters, such as stimulation frequency.

Dipole source localisation is another direction wiioluld be taken. It could test the
hypothesis that the mfVECP is generated within the striatéex when 75Hz
stimulation is used and that there is a greater ibomion from non-striate areas when

slower stimulation rates are used.
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9.6 Conclusion

The ability of the mfVECP to identify physiological resges to stimulation of

independent areas of the visual field has been assessénince has been shown
to improve when the presence or absence of a wavafdatermined by a novel

SNR metric, when data is filtered post-acquisition throag®20Hz bandpass after
cross-correlation and when a CRT is used to delivestinaulus rather than an LCD
projection system. The field of view of stimulationncasefully be extended to a
radius of 30 when a 60-region dartboard pattern is employed. Peafacencan be

enhanced at the same time as acquisition time is reduc8%y by the use of a
25Hz rate of stimulation instead of the frequently emgdbsate of 75Hz.

A multi-channel multifocal system was created and usedlaémonstrate that a
combination of electrodes above, below and to the aghtleft of the occipital pole
produced the best response detection rate. This wilhbavaluable tool in future
investigations of the optimal bipolar recording channelsafajuisition of mfVECP

data and will allow interrogation of the visual cortegmh a very large number of

orientations.
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