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ABSTRACT

This study aimed to determine the relationship between auditory evoked potential measures, speech

perception and frequency discrimination in 12 experienced adult cochlear implant (CI) users and to

compare the evoked potential results in the CI subjects to those of a group of age- and gender-matched

control subjects with normal hearing. The CI subjects all used the Nucleus Cl-22 implant with the

SPEAK processing strategy. Subject age range was27-74 years (mean 50.9 years). All had used their

implant for a minimum of one year (range 13-76 months, mean duration of implant use 37.5 months).

Duration of profound deafiress prior to implantation ranged from I - 40 years (mean 15.6 years).

Middle latency response (MLR), obligatory Nl-P2 cortical potentials, mismatch negativity and P3a

auditory evoked potential were recorded. Speech perception was evaluated using tests from "The

Minimum Speech Test Battery for Adult Cochlear Implant LJsers". Frequency discrimination was

measured using a two-alternative forced choice procedure, to record difference limens @L) for a 1000

Hz tone. Duration of deafrress correlated strongly with speech perception scores with poor scores

reflecting greater years of deafrress. The most sensitive of all the evoked potential measures was P2

latency, with strong relationships found between P2 and duration of deafrress and speech perception

scores. Earlier P2 latencies were associated with shorter durations of deafrress and higher speech

perception scores. In general, mismatch negativity was absent or degraded in CI subjects with poor

speech scores. In better implant users mismatch negativity was typically present to both large and

small frequency differences and demonstrated characteristic changes of increased latency and

decreased area and amplitude for the more diffrcult discrimination task (as seen in the normal hearing

group). Na amplitude of the MLR correlated negatively with duration of deafrress, with small

amplitudes reflecting greater duration of deafrress. Frequency DLs were very variable, and no strong

relationships were found between these and the evoked potential or speech perception measures.
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INTRODUCTION

This thesis was undertaken to characterize the nature of auditory evoked potentials in adult cochlear

implant subjects and to compare these results to those from a control group of normal hearing subjects.

The middle latency response (MLR), cortical Pl-Nl-P2 responses, the Mismatch Negativity response

(MMN) and P3a were recorded in a group of 12 adult experienced cochlear implant users. The results

of the evoked potential studies in the implant group are also related to behavioural indices of these

subjects' central auditory processing derived from frequency discrimination and speech perception

measures.

A cochlear implant is a prosthetic device that has become an important management option for

profoundly deaf individuals who derive insufficient benefit from hearing aids. A cochlear implant

consists of: a microphone that collects the acoustic information, an external processor that encodes the

incoming acoustic signal, an internal processor and an electrode array that is surgically placed inside

the cochlea. The encoded acoustic signal is typically transmitted via a radio frequency signal to the

internal processor that decodes the transmitted signal and translates it into a series of electrical pulses

that is delivered to the individual electrodes of the array. The electrical stimulation of the electrode

array replaces the transduction process that is normally performed by the sensory cells of the inner ear

in a normal cochlea. Thus the cochlear implant provides direct input to the central auditory pathways

by electrically stimulating the spiral ganglion cells of the auditory nerve.

The developrnent of multiple-channel cochlear implants has enabled discrete areas of electrical

stimulation to occur within the inner ear that replicate, to some extent, the natural frequency specific

excitation patterns of acoustical stimulation. This provides both temporal and place-specific

information to the central auditory system in a sufficiently detailed manner and, if the recent speech



processing strategies are used, allows many post-lingually deafened cochlear implant users to

understand normal conversational speech.

The traditional therapeutic approach to the management of severe-profound deafrress has been to fit

hearing aids that amplify the acoustic signal that is delivered to the inner ear. This relies upon there

being sufficient sensory cells remaining in the inner ear to encode the signal into interpretable sound.

In individuals with a severe-profound hearing loss the speech discrimination obtained via traditional

amplification methods is poorer than can be achieved via a multiple-channelcochlear implant.

The range of performance of individual cochlear irnplant users varies widely. Sonrc can understand

normal conversational speech on the initial day of implant "switch on" whereas for others the device

may only provide minimal auditory cues after an extended period of use. Significant correlations that

have been found between performance include duration of deafrress, age at onset of deafrtess (pre, peri,

or post lingual), aetiology of deafiress, and the number of remaining spiral ganglion cells (Fayad,

Linthicum, Otto, Galey and House, l99l; Blamey,1997). It is assumed that performance with an

implant is strongly associated with the central auditory processing abilities of the individual and the

integrity of the central auditory pathways from the auditory nerve to the cortex (Ponton, Don,

Eggermont, Waring, Kwong and Masuda,1996a; Kraus, McGee and Koch, (1998). There is growing

evidence that the adult brain is capable of undergoing plastic change as a result of varying sensory

input (Irvine, 2000).

The integrity of the central auditory pathways has been studied using behavioural npasures, evoked

potentials (EPs), and modern imaging techniques such as functional magnetic resonance imaging

(fMRI), positron emission tomography (PET) and magnetoencephalography (NmG). Evoked

potentials provide a means to study central auditory processing with high temporal resolution yet are



relatively non-invasive and require comparatively simple equipment (Gevins, 1998). One of the

limitations of EPs is that they provide insufficient spatial detail to identify cortical and subcortical

structures that are contributing to the generation of the evoked potential. However, by combining

imaging techniques, with their enhanced spatial resolution, with EP recordings, the ability of the

recordings to localise the generators of the response is improved.

The relationship between EPs and behavioural indices of central auditory processing has been

established in studies of temporal lobe lesion patients (Vaughan and Ritter, 1970; Kraus, Ozdamar,

Hier and Stein, 1982; Kileny, Paccioretti and Wilson, 1987; Woods, Clayworth, Knight, Simpson and

Naeser, 1987; Allen, Cranford and Pay, 1996) and comparisons between normal and learning disabled

children (Jirsa and Clontz, 1990; Kraus, McGee, Carrell, Tncker, Nicol and Koch, 1996; Tonnquist-

Uhlen, 1996), There are also a limited number of studies that have demonstrated plastic changes in the

brain induced by learning in children (Kraus, McGee, Carrell and Sharma, 1995b), adults (Kraus,

McGee, Carrell, King, Tremblay and Nicol, 1995a;Tremblay, Kraus, Carrell and McGee, 1997) and

cochlear implant subjects (Kraus et al., 1995b; Jordan, Schmidt, Plotz, von Specht, Begall, Roth and

Scheich, 1997). By studying subjects who have received a cochlear implant, we have a unique model

for learning about the effects of profound deafness upon the central auditory pathways and to

investigate how EPs can reflect performance on behavioural measures of central auditory processing.



REVIEW OF LITERATURE

This review of literature wilt describe briefly the physiology of the human auditory system and the

history, technical characteristics and use of cochlear implants in the management of profoundly deaf

individuals. This will be followed by a detailed description of auditory evoked potentials and a

discussion of their use in the assessment of central auditory processing. It concludes with a discussion

of the measurement of evoked potentials in cochlear implant users and examines the relationship

between evoked potentials and behavioural measures of central auditory processing in cochlear

implant users.

Pnvstot ocy oF TIIE ITUMAN AUDIToRY sYsrEM

The Peripheral Auditory System

The peripheral auditory system is comprised of three parts; the outer, middle and inner ear, which

collectively serve to detect sound and code its frequency, temporal and intensity characteristics (Figure

r).

The role of the outer and middle ears is to conduct airborne sound to the inner ear. They also serve to

enhance, due to their anatomical structure, frequencies in the | - 4l<Hz regions, which are the

dominant frequencies in speech. The passage of sound energy through the outer ear causes the

vibration of the tympanic membrane, which is the boundary between the outer and middle ears. This

in turn leads to the vibration of the three ossicles in the middle ear space and this causes a rocking

motion of the stapes footplate that rests on the oval window membrane. Details of the role of the outer

and middle ears in auditory function are provided by Pickles (1988). This results in the production of

a travelling wave in the fluid-filled inner ear, or cochlea, that displaces the auditory sensory cells and,

after the transduction of mechanical to electrical energy, results in the stimulation of the ascending

auditorv nerve fibres.
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Figune 1. Illustration of the human ear (Figure 6-4 from Coren and Ward, 1989).

The inner ear contains the fluid-filled cochlea, a spiral-shaped structure about I cm wide and 5 mm

deep from base to apex positioned in the dense temporal bone. The cochlea is a spiral tube that winds

around a central core, the modiolus, that carries the fibres of the auditory nerve and blood vessels that

supply nutrients to the delicate sensory and neural structures. This fluid-filled tube is divided into

three sections by another tube that contains the auditory sense organ, the organ of Corti (Figure 2). In

cross-section, therefore, the cochlea shows three separate fluid-filled spaces: the scala vestibuli and

scala tympani containing perilymph, separated by the central scala media, which contains endolymph.

At the basal end of the cochlea, scala tympani terminates at the round window, which is a membrane-

covered opening into the middle ear space. Scala vestibuli, on the other hand, communicates with the

vestibule of the inner ear. The scala vestibuli is separated from scala media by Reissner's npmbrane

which is an extremely thin membrane, only two cells thick, which has the main function of keeping the

two fluid scalae separate (Dallos, 1996). Scala media is part of a continuous endolymphatic system



that exists throughout the cochlea and vestibular organs of the inner ear. The scala tympani is divided

from the scala media by the basilar membrane to which the organ of Corti is attached. The basilar

membrane changes its dimensions along the cochlea, being nalrow at the base and broad at the apex.

Veslibular canal
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Teclorral membran€

-H8t'5
Inner hair cell Outet hait c€lls

Ttrnnel of Corti Basilar membrane

Tympanic canal
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Figure 2. The organ of Corti (Figure 6-7 from Coren and Ward, 1989).

The organ of Corti contains two types of sensory cells, the inner hair cells (IHC) and outer hair cells

(OHC), embedded in a matrix of supporting cells. IHCs are the main sound transducers in the cochlea.

They are innervated by type I auditory afferent nerve fibres which are large myelinated fibres that form

the majority (90 - 95Vo) of the ascending nerve fibres. The remaining (5 - L0Vo) afferent nerve fibres

are type II fibres that are smaller unmyelinated fibres that innervate the OHC. Both type I and II

auditory afferent fibres are bipolar or pseudo-monopolar neurons that have their cell bodies in the

spiral ganglion of the modiolus (Pickles, 1988;Dallos, 1996).



Outer Hair Cells

There are three to five rows of OHCs in the human cochlea. The OHCs have an elongated cylindrical

shape and they are motor or effector cells that regulate the mechanical response of the organ of Corti

and boost the travelling wave by a local electromechanical amplification process (Dallos, 1996). The

membrane of the OHC contains a motor protein, prestin (Zheng, Shen, He, Long, Madison and Dallos,

2000) that is considered to be responsible for the electromotility seen in these cells. The OHCs have

apical stereocilia, which are fine modified microvilli, that are arranged in a "W'formation and are

arranged in height order with the tips of the tallest stereocilia embedded in the tectorial membrane.

The OHCs synapse almost exclusively with the descending efferent auditory nerve fibres of the medial

olivocochlear system. Through their electromotile responses that can be regulated by descending

pathways, the cells mechanically amplify the action of the basilar membrane and thus the organ of

Corti and increase frequency resolution for low intensity stimulation (Brownell, 1990).

Inner Hair Cells

The IHCs are flask-shaped with a flat apical surface that is covered by up to one hundred stereocilia,

which project into the scala media. There is only one row of IHCs compared with the three to five

rows of OHCs. The basal lateral end of the IHC synapses with the type I ascending auditory nerve

with about 20 nerve fibres innervating each hair cell. The energy of the travelling wave displaces the

stereocilia on the hair cell, which open mechanically-gated, non selective ion channels in the

stereocilia allowing an influx of potassium ions into the cell. The stereocilia are connected to each

other by cross-linking filaments, making the stereocilia move as one unit. The influx of potassium

depolarises the cell leading to intracellular voltage changes that result in release of a neurotransmitter

(probably glutamate) from the base of the hair cell, and activation of the auditory nerve fibres (Pickles,

1988; Dallos, 1996).



Frequency Resolution

The frst stage of stimulus frequency analysis occurs when the peak of the travelling wave reaches its

greatest amplitude and causes the maximum movement of the hair cells on the basilar membrane at

this point. There is a gradation of stifftress along the length of the basilar membrane, with a decrease

in stiffrress towards the apex of the cochlea. As the travelling wave progresses into regions of

decreasing stiffrress the amplitude of the wave increases and the propagation velocity and therefore its

wavelength decrease. The point on the basilar membrane at which the travelling wave reaches its

maximum amplitude is dependent upon the frequency of the sound stimulus, with low frequencies

being represented in apical regions and high frequencies at the basal end (Pickles, 1988). The hair

cells essentially act as highly tuned band pass filters that are maximally responsive to specific or "best"

frequencies determined by their location along the basilar membrane, such that hair cells are tuned to

progressively lower frequencies towards the apex. This describes the "place" theory of frequency

discrimination.

There are a.c. and d.c. voltage components to the hair cell receptor potentials in the IHCs. The

depolarising d.c. response tends to be superimposed on the a.c. component which varies according to

the stimulus frequency and intensity. For low frequency stimuli the a.c. component is greater and

follows the phase of the stimulus. As the stimulus frequency is raised the a.c. component is reduced

relative to the d.c. component (Pickles, 1988) because of the time constant of the hair cell (s)

membrane. Neurotransmitter release and hence spike activity in the type I afferents occur in phase

with the a.c. potential at low frequencies (up to t - 5 kHz). This ability of the hair cells to respond to a

particular phase of the stimulus waveform for low frequency stimuli describes the "temporal" coding

of frequency where the timing differences in the neural firing can characterise the frequency of the

stimulus.



Speech is made up of many different frequencies and thus activates many neurons spatially along the

cochlea. The neurons fire maximally at their individual characteristic frequencies, and these neural

discharges are phase locked to the individual cycles of the frequency-filtered stimulus for lower

frequencies. Thus speech is coded in the cochlea and auditory nerve by both place and temporal

means.

The Central Auditory System

Auditory Nente

The auditory nerve consists of up to 30,000 individual fibres, that can each be characterised

physiologically by their individual bandwidth, firing rate and threshold. The dendritic end of each

fibre synapses with the IHCs. The cell bodies are in the spiral ganglion of the modiolus and the axons

project to the cochlear nucleus. The fibres show a pattern of spontaneous discharge, which varies from

slow (0.5/s) to rapid (120/s) rates @ickles, 1988). Each fibre is individually tuned to a "best" or

characteristic frequency to which its threshold for fring is lowest, and the threshold of firing to other

frequencies rises rapidly as the stimulating frequency departs from the best frequency. Therefore each

nerve fibre acts as a band pass filter, with similar frequency selectivity to that found in the basilar

membrane and hair cells. Each individual fibre has a dynamic range of approximately 20 to 50 dB

(Pickles, 1988). There is a sigmoidal relationship between firing rate and stimulus intensity that

saturates at high intensities, with the typical range between threshold and maximum firing being 20 -
50 dB. With stimulus frequencies up to about I kHz the spike discharge in nerve fibres is phase

locked l\OVo to the frequency of the stimulus, between I - 5 kHz there is a reduction in the synchrony

of the firing but above 5 kHz the synchrony is lost and nerve fibres fire with equal probability in each

phase of the stimulus (Pickles, 1988). The temporal sequence and spatial distribution of action

potentials in the auditory nerve fibres code the physical properties of sounds and this is transferred to

the higher central auditory pathways.
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Tonotopicity refers to the orderly mapping of stimulus frequency to place, such as is seen within the

cochlea. At the level of the auditory nerve tonotopicity is maintained by the neurons being ananged

anatomically according to their connections to the cochlea. Thus stimuli of different frequencies will

excite spatially separate sets of auditory nerve fibres. This underlies the place theory of frequency

coding. For low to mid frequency stimuli the firing of the neurons can also maintain the frequency of

the stimulus up to approximately 4 - 5 kHz, by firing in response to the same phase of the stimulus

("phase locking"), and this is known as the temporal coding of frequency (Pickles, 1988). Tonotopic

organisation is maintained throughout the auditory system to the cortical level (Merzenich and Brugge,

|9/3;Merzenich, Iftight and Roth, 1973; Romani, Williamson, Kaufrnan and Brenner, 1982; Lauter,

Herscovitch, Formby and Raichle, 1985; Pantev, Hoke, Irhnertz, Lutkenhoner, Anogianakis and

Wittkowski, 1988; Pickles, 1988; Pantev, Roberts, Elbert, Ross and Wienbruch, 1996; Pantev et al.,

1998).

Electrical Stimulation of the Auditory nerve

The most likely site of electrical simulation by a cochlear implant is the cell bodies of the spiral

ganglion cells located in the modiolus of the cochlea (Klinke and Hartmann, 1997; Shepherd and

Javel, 1997). Examinations of temporal bones from cochlear implant users have shown that it is not

essential to have large numbers of spiral ganglion cell bodies existing as responses to electrical

stimulation can occur with only LUVo of the normal spiral ganglion cells present. Thus it does not

appear that the dendrites ofthe nerve are necessary for auditory perception to occur (Fayad et al.,

1991; Klinke and Hartmann, 1997). The electrode array is inserted into the cochlea close to the round

window and is typically inserted to the upper basal turn (Clark et al., 1987). Therefore, there is

generally no direct electrical stimulation below the I kHz region and thus there is no stimulation of

many lower frequency auditory nerve fibres that are important for speech perception in listeners with

normal hearing. Future electrode arrays that reach further into the cochlea may lead to enhanced

speech perception if they can stimulate the lower frequency regions. From the early studies by Clark

l0



and others it was felt that positioning the electrode anay in the scala tympani was optimal for

stimulating discrete groups of nerve fibres and access was easily made through the round window

(Eddington, Dobelle, Brackmann, Mladejovsky and Parkin, I978a; Eddington, Dobelle, Brackmann,

Mladejovsky and Parkin, 1978b; Clark, Tong, Martin and Busby, l98l; Shepherd, Clark, Pyman,

Webb, Murray and Houghton, 1985). It was also believed that the most discrete stimulation was

achieved by bipolar and common ground stimulation rather than monopolar stimulation (Clark, 1997).

However the new Cochlear Ltd Nucleus (CI-24M) implant introduced in 1997 has switched to

monopolar stimulation without any decrement in performance and uses two separate reference

electrodes. One of the reference electrodes in the CI-24M is a separate ball electrode placed in the

temporalis muscle and the other is on the base of the implanted receiver stimulator. This design

change has allowed faster rate speech processing strategies to be used as the monopolar stimulation

requires less charge per phase than bipolar and common ground stimulation modes.

One of the important differences between acoustical and electrical stimulation of the auditory nerve

fibres is seen in the dynamic range of the fibres. Animal study single-unit recordings have shown that

with acoustical stimulation the individual dynamic range is between 20 and 50 dB (Pickles, 1988), but

with electrical stimulation this is reduced to I - 6 dB for an individual fibre (Shepherd and Javel,

1997). This reduction in individual fibre dynamic range with electrical stimulation is considered to be

due to direct depolarisation of the neuralmembrane (Shepherd and Javel, L997). Phase locking to

electrical stimulation is more precise than acoustical stimulation, so that action potentials are initiated

to a very precise phase of the stimulus leading to good temporal coding of frequency with electrical

stimulation, but only up to about2l<Ifz because of the normal neural refractory period. With acoustic

stimulation phase locking has been demonstrated up to about 5 kllz for groups of neurons (Pickles,

1988). Individual nerve fibres stimulated electrically can phase lock reliably up to about 800 Hz but in

deafened animals phase locking in individual fibres only occurs up to about 400 Hz and individual

fibres have greater periods of adaptation (stimulus induced reduction in the excitability of the fibre)

ll



after stimulation when they are unable to respond (Shepherd and Javel, 1997). Electrical current

pulses can greatly increase the rate of firing of individual neurons in the auditory nerve up to about 800

spikes per second for biphasic stimuli, beyond the normal physiological range of up to about 200

spikes per second to acoustical stimulation (Tykocinski, Shepherd and Clark, 1995; Shepherd and

Javel, 1997).

One of the features of the action potentials resulting from electrical stimulation is their

"hypersynchronization" (Klinke and Hartmann, 1997). The synchronization is much stronger than

occurs naturally. With pulsatile electrical stimulation all action potentials occur within tens of

microseconds. In all naturally stimulated neural populations there is some jitter or stochastic

resonance in the timing of action potentials. Stochastic resonance enhances detection of subthreshold

signals in neural systems (Stacey and Durand, 2000). It has been hypothesised that, if it was possible

to introduce some "noise" to the electrical stimulus by either modulating its amplitude or timing, this

may lead to more natural firing of the auditory neurons (Morse and Evans, 1999b; Morse and Evans,

1999a;Zeng, Fu and Morse, 2000). This might lead to a more natural representation of speech and

improved discrimination of speech as the signals from the auditory neurons are processed by higher

order neurons of the central auditory pathways (Klinke and Hartmann, 1997).

The Auditory Structures of the Brainstem

The results described here are based on animal studies unless otherwise stated. The ascending auditory

pathway is characterised by multistage processing that occurs at several points or nuclei in the

brainstem (see Figure 3). There is increasing specialisation found in the neurons in these nuclei with

cells being excitatory, inhibitory, and responsive to monaural or binaural stimulation and specffic

features of the acoustic stimulus.
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Figure 3. The central auditory pathways, through brain stem cross sections (Figure I l-17 from Bear,

Connors and Paradiso, 1996).

The Cochlear Nucleus

This is the first nucleus of the central auditory pathways and it contains three separately defined areas

(the anteroventral cochlear nucleus, the posteroventral cochlear nucleus and the dorsal cochlear

nucleus). It is the first site of complex processing of auditory signals and the cochlear nucleus contains
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a large variety of cell types. The tonotopic organisation seen in the auditory nerve is maintained with

an orderly spatial arrangement in the cochlear nucleus (in each subdivision). The low frequency

auditory nerve fibres principally innervate the ventral portion and high frequency fibres innervate the

dorsal regions of the cochlear nucleus subdivisions. There are three main output pathways of the

subdivisions of the cochlear nucleus leading to connections with the superior olivary complex, the

lateral lemniscus and the inferior colliculus. From this point the complexity of the processing of the

acoustic signal dramatically increases with binaural input from the level of the superior olivary

complex upwards.

Superior Olivary Complex

The superior olivary complex (SOC) consists of several distinct subdivisions: the lateral superior

olivary nucleus (LSO), the medial superior olivary nucleus (MSO) and the medial nucleus of the

trapezoid body (MNTB). These regions are all organised tonotopically and all receive different

distributions of fibres from the subdivsions of the two cochlear nuclei. Neurons in the LSO are

predominantly sensitive to medium to high frequencies and neurons in the MSO to low (under 4kHz)

frequencies. The localisation of sounds in space is believed to involve the SOC because of its binaural

input, which leads to neural coding of the interaural timing and intensity differences between the

signals coming from the two ears.

The Lateral Inmniscus

The lateral lemniscus (LL) is a bundle of fibres made up of axons from neurons in the SOC and CN

that are ascending to connect with the inferior colliculus. The LL appears to be tonotopically arranged

but the fibres are less responsive to temporal information as limited phase locking has been detected

and only to frequencies less than I kHz (Rouiller,1997). I I neurons can be binaural or monaural.
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The Inferior Colliculus

The inferior colliculus (IC) is the principal relay station of the thalamus as the majority of a,rons of

cells originating from the CN, SOC and LL terminate in the IC. The IC is also a major integrative

centre with inputs from somatosensory systems and substantial corticaUcollicular projections. The IC

is divided into three nuclei and a tonotopic organisation is maintained through a laminar structure

(Rouiller, 1997).

The Auditory Cortex

The site of the primary auditory cortex has been defined by electrophysiological (Celesia, 1976) and

cyoarchitectonic studies (Galaburda and Sanides, 1980). The auditory areas surround the posterior

portion of the Sylvian fissure. The primary auditory area is Heschl's gyrus (this structure runs

diagonally across the upper surface of the temporal lobe, ie, the supratemporal plane). The primary

auditory area projects in a medial-posterior direction and is separated from the planum temporale by

Heschl's sulcus. The planum temporale is the area that extends from the most posterior aspect of

Heschl's gyrus along the lateral fissure to the end point of the Sylvian fissure. There is an asymmetry

in the anatomy of the hemispheres around Heschl's grynrs with the left hemisphere typically having a

larger planum temporale (Rubens, Mahowald and Hutton,1,976).

The neuronal organisation of the cortex is characterised by parallel columns of pyramidal cells, zffi -
300 pm in diameter with a thickness of 200 - 2000 pm. This columnar stnrcture is suMivided into I -
VI layers depending upon the morphology and density of the neurons , as well as the prominence and

orientation of nerve fibres (Ribaupierre, 1997). Beneath the layer of pyramidal cells lie the

corticocortical fibres that run parallel to the cortical surface. These fibres are the neuronal afferents

that connect the columns. One fibre connects about 600 other columns and each column is contacted

by approximately 6,000 afferent fibres. These fibres may be both local (a re-entrance from within the
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column through local axonal collaterals) or from subcortical centres (descending corticothalmic,

corticocollicular and corticopontine connections) as well as from other ipsilateral cortical columns

(corticocortical connections) or contralateral auditory areas (interhemispheric or callosal connections)

(Ribaupierre, 1997).

The tonotopicity of the ascending afferent pathways is maintained in the structures of the auditory

cortex. This has been established with both imaging of the magnetic fields of neurons (Romani et al.,

1982; Pantev et al., 1988) and electrophysiological studies (Bertrand, Perrin and Pernier, 1991; Woods,

Alho and Algazi, 1991; Woods, Alain, Covamrbias and Zaidel, 1993). The frequency regions of the

primary auditory cortex are arranged from low to high frequency in a caudal to rostral and ventral to

dorsal fashion - "the higher the frequency the deeper the source" (Lutkenhoner and Steinstrater, 1998).

Recent studies using auditory evoked magnetic fields, with their high spatial resolution, have

examined the tonotopic organisation of the auditory cortex (Lutkenhoner and Steinstrater, 1998;

Pantev et al., 1998) and confirmed the tonotopicity that was seen in earlier evoked potential research.

Interestingly, Pantev, Hoke, Luetkenhoener and Irhnertz (1989b) demonstrated that it was the pitch of

the stimulus rather than the frequency that was the critical stimulus characteristic for cortical

organisation. There is also evidence for amplitopic organisation in the auditory cortex, with a spatial

distribution of neurons that respond maximally to a "best" stimulus intensity. With increasing

intensity the neuromagnetic source becomes more superficial and slightly more anterior than for a

lesser intensity stimulus of the same frequency (Pantev, Hoke, I-ehnertz and Lutkenhoner, 1989a).

CnlnacrrRrsATroN oF CocHLEAR IMpLANTS

Hardware Developments

The earliest attempts to electrically stimulate the auditory nerve of profoundly deafened individuals

began in the 1950s with the pioneering work by two French scientists, Djourno and Eryies. They
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reported the results of direct stimulation of the auditory nerve with an implanted electrode in a human

subject while undergoing surgery. The subject described the auditory percepts he received as buzzing

and cricket-like sounds. The electrode had to be removed at a later date however (Luxford and

Brackman, 1985; Simmons, 1985). This led to interest in the United States of America by Drs House,

Simmons, and Michelson in the 1950s who performed similar experiments by electrically stimulating

the promontory in the middle ear. These researchers designed the first single channel implants which

were used in humans beginning in the early 1960s (Michelson, 1985; Simmons, 1985; House, 1993).

The second implant was trialed in 1961 by Dr William House who implanted an electrode that

stimulated the cochlea in five different positions along its length. This device was unsuccessful and

had to be explanted. Further work on single channel implants was carried out in the 1970s but these

devices resulted in little speech understanding for the users. It became apparent that the coding

strategies and hardware and software to stimulate the electrodes were crucial to further improvernents

in speech performance (Simmons, 1985). By the 1970s there were about 16 subjects implanted with

experimental devices. The initialcommercial cochlear implant developed in the 1980s was a single

channel device (3M House), which relied upon temporal and intensity coding to provide limited

frequency information (Fretz and Fravel, l9S5) using a direct analog signal that was a filtered (200-

4000 Hz), amplitude modulated 16 kHz carrier wave. Other single channel devices were also

developed in Vienna (Burian, Hochmair, Hochmair-Desoyer and [,essel, 1979> and London (Fourcin,

Rosen, Moore, Douek, Clarke, Dodson and Bannister, 1979) using similar coding strategies. These

devices provided little to no open set speech discrimination for the users as speech frequencies above

500 Hz could not be discriminated readily.

Throughout the 1970s much work was done on chronic implantation in animals to establish the safety

and bio-compatibility of the porlions of the implant inserted into the cochlea and under the skin and to

determine tolerances of biological tissue to electrical stimulation (Eddington et al., 1978b; Eddington,

1980; Simmons, 1985). By the 1980s it was generally accepted that single channel devices could not
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provide significant understanding of speech because the spread of excitation from the electrode led to

recruitment of numerous spatially distributed neurons. Because of the spread of excitation the ability

to perceive pitch changes with increasing stimulating frequency declined above approximately 300 Hz,

with most subjects not perceiving changes in frequency above 1000 Hz.

Coding of frequency in the auditory nerve is represented by the distribution of neural firing across the

tonotopically organised anay of nerve fibres (place coding) and by the temporal patterns of neural

firing within individual or groups of nerve fibres (temporal coding). The lack of success with single

channel implants probably reflects the lack of spatially differentiated input and a reliance solely on

temporal coding which is limited to low frequencies. The lack of success of single channel devices led

to interest in multiple-channel devices and a move away from relying solely upon temporal coding of

speech.

Professor Graeme Clark and the University of Melbourne tea.m were convinced that a multiple-channel

system was necessary for speech to be made discriminable and they developed a prototype multiple-

channel implant in the 1970s. The electrode array was placed in the scala tympani of the cochlea and

used a pseudo-bipolar stimulation that resulted in restricted current spread. The first humans

implanted with this device in 1978 and 1979 perceived pitch variations according to which electrodes

were stimulated and with changes in the rate of stimulation. Results from these fust patients led to the

development of the frst speech processing strategy for this device. Following collaboration with

Cochlear Limited, Clark developed the first commercial multiple-channel device, the Nucleus CI-22M.

This was approved by the FDA for clinical trials in adults in 1982 and was implanted in the first child

in 1985 in Australia. The cornmencement of clinical trials in children began in 1986 in America after

gaining FDA approval (Clark, Blamey, Brown, Busby, Dowell, Franz, Pyman, Shepherd, Tong, Webb

and et al., 1987). The Nucleus CI-22M is the cochlear implant that was used by all subjects in this
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thesis and further descriptions of the technical aspects of cochlear implants will be limited to this

device.

Hrrdware Specifications

Figure 4. The NucleusoCochlear Irnplant Systerq A) Cochlear implant comprising a megnet,

receiver/stimulator and a Z2bandelectnode af,ray, B) Speech prooessor, C) Directional micro,phorn and

D) Transmitter coil and cable (frrom NucleusoCochlear Implant System "Issues and Answers" Cochlear

Pty lJtrl, product brochure).

The Nucleus CI-22M consists of a directional ear level microphone, a body worn speech processor, an

external headset that contains the magnet and radio fre4uency transmitter and the internal processor

containing a magnet and the electrode array. The directional microphone worn by the user at the ear
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detects sound. The body worn speech processor translates the incoming sound energy into a pattern

for stimulating the internal electrodes and encodes this into a combined data/power signal that is

transmitted through the skin by electromagnetic induction using a 2.5lrtftIz radio frequency carrier

wave.

The internal receiver-stimulator has a custom designed integrated circuit contained inside a

hermetically sealed titanium capsule that is surgically placed in the mastoid bone. The platinum

receiver coil lies outside the capsule and is encased in bio-compatible silicone rubber. This is flexible

to allow it to bend to fit the shape of the head.

The CI-22M electrode array consists of 22 cylindical platinum electrodes and is tapered from 0.4 mm

at the tip to 0.6 mm for the basal twelve electrodes. The electrodes are encased in flexible

Silastic@silicone rubber for support and there are an additional ten platinum bands that stiffen the array

so that it can be inserted up to 25 mm into the scala tympani of the cochlea. With a complete insertion

into the cochlea the most basal electrode is 8 to 10 mm inside from the insertion point of the round

window or a fenestration drilled into the otic capsule close to the round window (Patrick and Clark,

1991). The electrode lead is helically wound to give it strength and contains the 22 separately

insulated platinum/irridium wires. The electrode lead is joined to the stimulator capsule by a high

density ceramic/platinum connector.

Stimulus Characteristics

The stimulus delivered to the electrodes is a sequential biphasic pulse train, with an output current

between 15 g.A and 1.5 mA. There are239 possible current amplitudes, exponentially spaced. The

pulse width is variable from 20 to 408 psec, and the total pulse rate is in excess of 1600 pulseVsec

(Patrick and Clark, l99l).
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Modes of Stimulation

The CI 22 is usually operated in either one of two stimulation modes, bipolar or conrmon ground.

Brief descriptions of these follow.

BP

CG

Figure 5. Diagram illustrating the current flow in the cochlear implant electrode array for bipolar (BP)

and common ground (CG) stimulation modes (Figure 9-4 adapted from Rance and Dowell,1997).

Bipolar Stirnulation

Using bipolar stimulation the current path occurs between any pair of electrodes, with the most basal

of the electrode pair being the active electrode and the apical electrode being the indifferent electrode.

The most common bipolar mode used is BP+1, where there is one electrode between the active and

indifferent electrodes. If this mode does not produce a sufficiently loud percept, or the electrode has

too narrow a dynamic range (the current range between sound detection and the upper limit of

comfortable listening) the spacing between the active and indifferent electrode is increased, eg BP+3,

+5, etc, until a reasonable dynamic range can be achieved. For the Cl-22M implant using the SPEAK

processing strategy dynamic ranges of 20 - 50 stimulus level units are typical (Cochlear Pty, 1995).

Common Ground Stimulation

In the common ground stimulation mode one active electrode is selected and all the other electrodes

act as the indifferent electrodes. This mode was widely used in children because it was regarded to be

a safer mode. If there were any damaged electrodes in the array and these shorted together this could
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lead to an uncomfortably loud percept in the bipolar modes and it was thought that children would not

report this reliably or may even have had a phobic reaction to the implant. With an electrode short in

common ground mode the electrode will produce no stimulation at all (Patrick and Clark, 1991).

Loudness Coding

The perception of loudness is coded by the charge per phase delivered to each electrode. Charge

density is calculated as the product of pulse width and amplitude. When the CI-22M implant is

prograrnmed the stimulus level parameter controls both pulse width and amplitude in order to obtain

the most effrcient stimulus (ie, minimising charge density while maximising the loudness percept).

Frequency Coding

In the bipolar mode only one pair of electrodes is stimulated at a time. This is done to rennve the

possibility of stimulating electrode pairs simultaneously, producing undesirable current interactions.

When no stimuli are being delivered, the electrodes are connected together to ensure that they rest in a

discharged state (Patrick and Clark, 1991). Stimulus frequency is mainly coded by place of

stimulation, with high and low frequencies resulting in basal and apical electrode stimulation,

respectively. Most of the improvements in speech perception with cochlear implants have occurred as

a result of changes in speech processing strategies (Skinner, Clark, Whitford, Seligman, Staller, Shipp,

Shallop, Everingham, Menapace, and Arndt,1994; Clark, 1997).

History of Cochlear Ltd Nucleus Cl-22 Speech Processing Strategies

The early strategies were all known as "feature extraction" strategies as they "extracted" the

fundamental frequency of speech (F0) by filtering the incoming signal and used this as the code for the

rate of stimulus delivery. The higher formants of speech (F1, F2) were also extracted and used to code
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place of stimulation. Depending upon the frequency of the signal an electrode was selected for

stimulation replicating the tonotopic order of the cochlea (i.e. a low frequency sound would result in an

apical electrode being stimulated as low frequency sounds stimulate the apical regions of a normal

cochlea). The intensity of the signal, which would be perceived as loudness by the CI user, was coded

for by the amount of charge per phase delivered to each electrode.

FO|F2 WSP II 1982

This was the earliest, most simple strategy that used the voicing or fundamental frequency of speech

(F0) as the rate of stimulation code that was presented to each electrode and only the second formant

frequency (F2) was presented as a place code. The amount of current delivered to each electrode was

determined by the energy contained in the second formant. This strategy did achieve some limited

open set speech discrimination (approximately lTVo) for CID (Central Institute for the Dea| sentences

(Clark, 1997).

FO/F|/F2 WSP NI 1985

This was a refinement of the above strategy that increased speech performance in quiet and in noise.

The first formant of speech (Fl) information was added to that of F0 and F2. Performance on CID

sentences increased to approximately 35Vo on average (Clark, 1997).

Mullipeak MSP 1989

This strategy was a further development that added additional high frequency information that could

be extracted tonotopically using place coding. Voiced and unvoiced sounds were coded separately.

For voiced sounds, the stimulus energy present in three frequency bands, 2.0 - 2.8l<II2,2.8 - 4.0 kHz,

and above 4kIIz, which included the stimulus energy in Fl and F2, was delivered to the electrodes in
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a tonotopic tnanner, from high to low frequency. For unvoiced sounds the stimulus energy of Fl was

not included, as this energy is not usually present in unvoiced speech. Speech scores on CID sentences

again increased with this strategy, reaching approximately 75Vo (Clark, 1997).

SPEAK SPECTM 22 1994

This was a complete change from the above strategies, which all used feature extraction paradigms

(F0, Fl, F2 etc). The SPEAK strategy separates the speech input using a bank of 20 analogue filters

(see Figure 6). Up to ten speech spectral maxima are selected to stimulate the electrodes at a rate that

varies from 1 80 [Iz to 250 Hz per electrode channel (on average 230 t{z) depending upon the number

of maxima selected. SPEAK does not use rate of stimulation to code voicing frequency, instead a

randomised stimulus rate is used, with the amplitude envelopes of the stimulus after filtering providing

the voicing frequency information (Patrick, Seligman and Clark, 1997). The pulse width of the current

pulse delivered to the electrodes also varies depending upon the energy contained in the signal. This

change of strategy led to a significant improvernent in speech scores (approximately 90Vo on CID

sentences) (Clark, 1997).

All subjects in this thesis used the SPEAK processing strategy with the body worn SPECTRA

processor.
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Figure 6. Illustration of the SPEAK strategy. The speech waveform is filtered by twenty band-pass

filters. The 6 - 10 maximum outputs are selected to stimulate appropriate electrodes according to a

frequency place coding representation (Figure 8-3 from Patrick, Seligman and Clark, 1997).
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Aunmonv Evornn PotBrqrn r,s

An auditory evoked potential (AEP) is a response or voltage change within the auditory system that is

produced or "evoked" by acoustic stimuli. Evoked potentials (EPs) can be classified in terms of: their

occurrence in time after stimulus onset (early, middte or late), the location of the generators of the

response, and whether they were generated by transient or sustained features of the acoustic stimulus

(Picton, Woods, Baribeau-Braun and Healey, 1976).

Nataanen and Picton (1987a p.376) defined EPs in the following numner

An EP canslsts of a sequence of positive and negative waves or peaks. Although these deflections

in the waveform provide a convenient point for measurement, they are not necessarily generated by

individual cerebral events. At any point in time, multiple cerebral processes may contribute to the

EP waveform. An event related potential (ERP) component is the.. .contribution to the recorded

waveform of a particular generator process, such as the activation of a localised area of cerebral

cortex by a specific pattern of input. Whereas the pealcs or deflections of an ERP can be directly

measured from the averaged waveform, the components contributing to these pealcs can usually be

inferred only from the results of experimental manipulation.

EPs are recorded from electrodes that are placed on specific sites that pick up the neural activity

evoked by acoustic stimuli. The neural activity is conveyed from the neural structures through the

body tissues and fluid to the recording electrodes. For scalp recorded AEP's in humans, amplitudes

range from about 0.5 pV for the smallest responses generated in the inner ear, auditory nerve and

brainstem to 5 - l0 pV for responses recorded from the cortex (Hall, 1992). In order to detect EPs

reliably, the smaller responses have to be amplified and averaged over some thousands of stimulus

presentations to achieve an adequate signal to noise ratio.
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The great clinical usefulness of EPs has been illustrated by their widespread use for objective

estimation of auditory thresholds, the identification of lesions in the auditory pathways, and the

objective evidence that the longer latency responses provide for the reception and interpretation of

auditory signals (what we "hear") (Jacobson, Kraus and McGee, 1997).

Evoked potentials provide a non-invasive technique for obtaining information about the neural events

underlying the generation of responses to sound. One of the goals of studying EPs is to try to

understand the relationship between human brain activity and human perception, cognition and goal-

directed action (Regan, 1989). One of the limitations of EPs, however, is that they only rreasure

neural events that are sufficiently synchronised and geometrically organised to create measurable

electrical fields at the scalp (Naatanen, 1992).

The following sections describe auditory EPs, from the shortest latency potentials that arise within the

cochlea to the long latency potentials that are generated from multiple areas of the cortex and have

complex temporal and spatial patterns.
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Figure 7. Examples of waveforms for major auditory evoked potentials. Latency and amplitude scales

for each figure are noted in the right portion of the figure: A, Electrocochleogram; B, Auditory

Brainstem Response; C, Middle Latency Response; D, Cortical Response; E, P3 Response. (AP = action

potential; SP = summating potential; pV = microvolts; I, II, III and V = ABR waves numbered

sequentially; N and P are negative and positive voltage indicators with respect to the vertex,

respectively). (Figure 1-1 adapted from Hall, 1992).
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Electrocochleogram

The earliest EP can be recorded from the cochlea using a technique known as electrocochleography

(ECochG). The waves measured by the ECochG occur within the first 2 - 3 ms after stimulus onset

and are generated by the cochlea and eighth nerve. There are three EPs associated with the EcochG

response. The first is the cochlear microphonic (CM), which is an alternating polarity (a.c.) response

generated by the hair cells (predominantly outer hair cells) within the organ of Corti @allos, 1975;

Dallos, L996; Dallos, 1997). If a low frequency stimulus is used the CM response follows the

waveform of the stimulus and will continue as long as the stimulus is presented. The cochlear

microphonic was first recorded in 1930 by Wever and Bray by placing an electrode within the auditory

nerve of a cat. The second response is the summating potential (SP), which is a single polarity or

direct current (d.c.) potential, and is often viewed as a shift in the baseline of an ECochG recording.

The SP is generated within the cochlea, probably by the d.c. stimulus evoked potentials of the inner

hair cells, although depending upon the frequency of the evoking stimulus there can be some

contribution to the SP from OHCs (Dallos, 1975; Moller, 1983; Pickles, 1988; Cheatham and Dallos,

1997; Cheatham and Dallos, 1999; Cheatham and Dallos, 2000). The third response is the compound

action potential (CAP) which has three components, Nl, Pl, N2 and P2. The Nl response is the same

response as wave I of the auditory brainstem response. Nl in the ECochG is the far field recording of

the CAP from the cochlear end of the eighth nerve (Picton, Hillyard, Krausz and Galambos,1974;

Hall, 1992).

Auditory Brainstem Response

The auditory brainstem response (ABR) was first identified by Jewitt and colleagues in 1970 (Jewett,

Romano and Williston, 1970;Jewett and Williston, l97l). The ABR is a robust, small amplitude

response that is present from25-26 weeks gestational age, is mature by 18 months of age and is

essentially unaffected by attention, sleep or sedation and occurs within 15 ms of stimulus onset. The
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ABR consists of seven peaks, although peaks I, III and V are the most widely identified clinically.

Peaks I - II are thought to arise from the proximal and distal portions of the auditory nerve, and waves

m -VII have multiple generator sites arising from different nuclei within the brainstem (Picton et al.,

1974;Hall, 1992). The ABR is dependent upon a synchronous discharge of the auditory nerve fibres

so is abnormal in demyelinating diseases such as multiple sclerosis. The ABR is used clinically for

threshold testing and, if frequency specific stimuli are used, a close correlation can be found between

ABR thresholds and behavioural thresholds (Nousak and Stapells,1992; Stapells and Oates, 1997).

ABR is also used for diagnosing retrocochlear pathology (Selters and Brackmann,1977i Eggermont,

Don and Brackmann, 1980), however this use of ABR is declining because of the greater sensitivity

and specificity of modern imaging techniques (MRI and CT) in detecting small tumours (Ruckenstein,

Cueva, Morrison and Press, 1996).

Middle Latency Response

The middle latency response (IULR) is a complex of waves that occur from l0 - 60 msec after

stimulus onset. The MLR was first identified in the 1950s by Geisler and colleagues, but was not

substantially investigated until the establishment of the signal-averaging technique in the 1970s.

During the 1970s Goldstein and colleagues studied the characteristics of the MLR and found that the

MLR was affected extensively by rate and sleep and that there were large maturational effects. There

was also early controversy over whether the MLR was in fact of neurological origin or a muscle

artifact, and on the effects of filtering on the waveforms (Scherg, 1982; Jerger, Chmiel, Glaze and

Frost, 1987; Kraus, Reed, Smith, Stein and Cartee, 1987a; Kraus, Smith and McGee, 1987b). The

MLR has been used for threshold estimation and as a tool to investigate central auditory processing

(Jerger et al., 1987; Kraus and McGee, 1990; Arehole, Augustine and Simhadri, 1995; Musiek,

Charette, Kelly, Lee and Musiek, 1999). There are six identified waves of the MLR: No (latency

about 8 msec), Po (about 12 msec), Na (about 18 msec), Pa (about 30 msec), Nb (about 40 msec) and
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Pb (about 50 msec). The most reliably present waves are Na and Pa which are typically present in

normal hearing subjects (Kraus and McGee, 1990; Liegeois-Chauvel, Musolino, Badier, Marquis and

Chauvel, 1994; Pantev, Bertrand, Eulitz, Verkindt, Hampson, Schuierer and Elbert, 1995).

The origins of the various waves have been difficult to establish. Animal studies using the guinea-pig

(McGee, Kraus, Comperatore and Nicol, 1991; Kraus, McGee, Littman and Nicol, 1992; Littman,

Kraus, McGee and Nicol, 1992; McGee, Kraus, Littman and Nicol, 1992; Kraus and McGee, 1995)

have identifred two separate MLR generator systems. Responses recorded over the temporal lobes

primarily involve the ventral medial geniculate body and thalamo-cortical pathways to the primary

auditory areas and give rise to robust waves. Responses recorded over the midline ile non-primary,

attention state dependent, and involve reticular formation pathways and caudo-medial suMivisions of

the medial geniculate body. These midline responses are earlier and more labile compared to the

temporal responses. Human studies have also found evidence of parallel projections to MLR generator

sites at midline and temporal sites (Cacace, Satya-Murti and Wolpaw, 1990; Jacobson, Newman,

Privitera and Grayson, 1991). Using a technique that can decompose the component sources of

topographically recorded AEP (source derivation technique, (Hjorth and Rodin, 1988)), Jacobson and

Newman (1990) found evidence for Pa generators that involved at least two systems including bilateral

sources in the posterior temporal waves and a deeper midline generator system.

Using simultaneous magnetic and electric recordings (Pantev et al., 1995) established that the

structures responsible for MLR wave Pa (and its magnetic equivalent Pam) and the cortical evoked

potential Nl (and magnetic equivalent Nlm) are tonotopically organised in a mirror-image fashion

(the Nl tonotopic arrangement has low frequency regions the most superficial to the scalp whereas this

is reversed for the Pa generator structures). The generators for PalPam are believed to lie in the

primary auditory cortex on Heschl's gyrus, slightly more anterior to the Nl/t,llm site, and the

tonotopic organisation is arranged from low to high frequencies in an inferior to superior manner. An
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EP study by Woods and colleagues (Woods, Alain, Covamrbias andZudel,l995) using tonal stimuli

did not find evidence of a tonotopic organisation of the MLR generators, however. This may have

been due to the lack of precision of spatial detail that is found in EEG recordings compared with that

found in neuromagnetic imaging (Gevins, 1998; Huotilainen, Winkler, Alho, Escera, Virtanen,

Ilmoniemi, Jaaskelainen, Pekkonen and Naatanen, 1998).

A contralateral dominance of wave Pa has been reported in both animal (McGee, Ozdamar and Kraus,

1983; Kraus, Smith and Grossmann, 1985) and human studies (Kadoya, Wada and Matsuoka, 1988),

with the greatest Pa amplitudes found at contralateral frontal-temporal sites. However, in other human

studies, Pa has been reported to have greatest amplitudes at midline frontal-central sites (Picton et a1.,

1974; Ozdamar and Kraus, 1983; Cacace et al., 1990). These differences in the reported sites of

greatest Pa amplitudes may be due to different recording electrode placennnts and the lack of spatial

precision present in the earlier studies. lrsion studies have demonstrated bilateral generators for Pa,

with lesions typically resulting in reduced Pa amplitudes over the damaged hemisphere, greatest Pa

amplitudes over the undamaged hemisphere and reduced amplitudes at the midline (Kraus et al., L982;

Kileny et al., 19871' Woods et al., 1987). MLR abnormalities also occur if lesions are in subcortical

regions, not simply in auditory cortical areas (Woods et al., 1987), consistent with reports by Kraus's

group (McGee et al., 1983; Kraus et al., 1985) of both subcortical and cortical MLR generators.

Cortical Pl-N I -P2 Responses

The first auditory evoked potential recorded was the late "vertex potential" wave, reported by Davis in

1939 or, as it is now more commonly known, the cortical response (CAEP) (Picton et al., 1976). This

was a large amplitude wave recorded maximally at frontal or vertex sites, and believed to originate

from the primary auditory cortex. A characteristic of this response was its sensitivity to the arousal

state of the subject, being much reduced in amplitude when the subject became drowsy. With the
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discovery of the auditory brainstem response (ABR) by Jewitt and colleagues in the early 1970s, the

cortical responses received little further study until the 1980s when there was a resurgence of interest

in them as a tool to study higher levels of central auditory processing.

The CAEPs are generated by the postsynaptic currents of the pyramidal cells of the cerebral cortex that

are synchronously active in response to features of an acoustic stimulus (Regan, 1989). The electric

currents in these cells give rise to electric and magnetic field changes that can be measured on the

scalp and outside the head. The measured electric potentials arise from both tangential and radial

(with respect to the scalp) components of these postsynaptic currents (Regan, 1989). The CAEPs

consist of a series of positive and negative peaks (P I , N I , P2, and, depending upon the paradigm used,

N2 and P3) which provide convenient measurement points, but are not necessarily generated by single

cerebral events and more likely reflect "the compound local activity of a circumscribed brain region"

(Scherg and Von Cramon, 1986). The corresponding magnetic field changes reflect the tangential

component of the currents.

The abihty to record the magnetic fields of the brain or magnetoencephalogram (I!mG) has only been

possible since the development of the "SQLlfD", a superconducting quantum interface device,

developed by Zimmerman and colleagues in the late 1960s. This device is sensitive to the minute

magnetic fields generated in the head in response to sensory stimuli. In contrast to electrical

recordings of brain activity, magnetic recordings are essentially unaffected by the varying

conductivities of the skull, scalp and brain tissue as the magnetic permeability of these structures is

practically equal (Huotilainen et al., 1998). Neuromagnetic fields are believed to be generated by

postsynaptic potentials of the dendrites of the large pyramidal cells of layer V of the cortex. There is a

developing trend for the simultaneous recording of EEG and MEG to increase the precision of the

recordings because the accuracy of the spatial information provided by MEG is greater than that from

EEG recordings, but the EEG offers greater temporaldefinition then MEG results (Ilmoniemi, 1991;
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Huotilainen et al., 1998). This is limited to only a few centres in the world however because of the

high cost of the MEG recording equipment.

PI

The cortical Pl response is a positive wave occurring 50 - 80 ms following a suprathreshold auditory

stimulus @rwin and Buchwald, 1986b). Pl is typically measured at the vertex and its amplitude

diminishes and may disappear at stimulus rates greater than 2 per second. Ponton et al. (1996b)

proposed that Pl represents the synchronised excitatory postsynaptic potentials of the cortical

pyramidal cells. The maturational development of Pl in humans is very slow and does not reach adult

latency values until around 12 - 15 years of age (Ponton et al., L996a; Eggermont, Ponton, Don,

Waring and Kwong, 1997; Sharma, Kraus, McGee and Nicol, 1997; Ponton, Moore and Eggermont,

1999). Pl appears to follow the same maturational time course as Nl, but this does not imply they

have the same underlying generators (Ponton et al., 1999). Pl is the most prominent component in the

cortical responses of children. At around age five years Pl is seen as a large positivity at about 200

ms. With increasing age the amplitude of Pl decreases and it becomes earlier and reaches the adult

latency of about 50 ms. At a slightly later time (at about age nine), Nl increases in latency and

amplitude. lt is believed that Pl does not represent the initial volley of afferent activity reaching the

auditory cortex, rather it is thought that this is represented by the early peaks of the MLR. Instead Pl

and Nl may represent recurrent activation of their respective cortical areas (Sharma et al., 1997;

Ponton, Eggermont, Kwong and Don, 2000).

Studies of the normal maturational tirne course of the cortical responses have used comparisons

between normal hearing children and children with cochlear implants (Ponton et al., 1996a; Ponton et

al., 1996b; Ponton et al., 1999). These studies have shown that the normal development of Pl and Nl

continues in implanted profoundly deaf children. However, it appears that there may be critical
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periods in the development of the auditory system beyond which the normal plasticity of the system

may be missed and after which the normal adult like responses are not achieved (Eggermont et al.,

1997).

Animal studies have shown that Pl's homologue in the cat is generated by ascending cholinergic

projections from the mesencephalic reticular formation (Erwin and Buchwald, 1987). Data from

human studies suggest that the generators of Pl include the cholinergic components of the ascending

reticular activating system (RAS) and their thalamic target cells (Buchwald, Erwin, Van Lancker,

Guthrie, Schwafel and Tanguay,1992). Pl is normally present in the awake state, is diminished in

amplitude during slow wave sleep, and returns to full amplitude in REM (rapid eye movenrent) sleep

@rwin and Buchwald, 1986a; Boop, Garcia-Rill, Dykman and Skinner, 1994). Abnormal gating of

incoming sensory stimulation occurs in pathological conditions that are associated with abnormalities

of Pl. These include Alzheimer's disease, which is associated with degenerative changes in the

cholingeric neurons in the forebrain and midbrain, and leads to reduced Pl amplitudes (Buchwald,

Erwin, Read, Van Lancker and Cummings, 1989). PI abnormalities have also been reported in cases

of narcolepsy (Boop et al., 1994), schizophrenia (Erwin, Mawhinney-Hee, Gur and Gur, l99lb) and

adult autism @uchwald et al., 1992). Pl abnormalities include smaller Pl amplitudes than normal

controls at a slow stimulus rate, and a lack of the normal habituation of Pl amplitude with increasing

stimulus presentation rates compared to normal control subjects. This decreased habituation of the Pl

potential may be associated with increased intrusiveness of sensory input, or reflect a sensory gating

disorder (Myazato, Skinner and Garcia-Rill, 1999b).

The concept of sensory gating has been used to describe the ability of the nervous system to filter out

extraneous background information in order to concentrate on newer more salient information.

Sensory gating has been investigated by many researchers using a paired stimulus paradigrn By

manipulating the characteristics and timing of the paired stimufi it is possible to explore the influence
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of the response to the frst stimulus on the response to the second stimulus (Adler, Pachtman, Franks,

Pecevich, Waldo and Freedman, 1982; Boutros and Belger,1999).

Findings of Pl abnormalities in Alzheimer's disease and other pathologies support the theory that Pl

generators involving the reticular activating system and/or its post-synaptic thalamic targets may be

dysfunctional in sensory gating disorders. Control of rhythmic functions, level of attention (sleep-

wake cycle), blood pressure, cardiac and respiratory rate, micturition, mastication, and locomotion are

located in the pedunculopontine nucleus that is part of the reticular formation. The reticular formation

has numerous connections to the thalamus, hypothalarnus, basal ganglia, cortex and cerebellum.

Ascending and descending sensory inputs allow conscious modification of rhythmic functions, and the

level of attention and changes of autonomic function in response to sensory stimulation or changes in

the level of attention are mediated through this system (Boop et al., 1994). The reticular formation is

thought to contribute to MLR and Pl generation and therefore both these responses may show

abnormalities in individuals with sensory gating disorders.

NI

The Nl cortical wave has been widely studied and is typically the dominant wave of the Pl-Nl-P2

complex. Nl is a vertex negative wave that peaks between around 80 - 100 ms after stimulus delivery

depending upon the duration, stimulus type and rate. Nl does not represent a single cerebral event, but

rather is derived from several cortical sites (Naatanen and Picton, 1987). The presence of Nl is

physiological evidence that sensory information has arrived at the auditory cortex thus reflecting the

presence of "audible" stimuli (Stapells, 2001). Naatanen (1990) described the presence of Nl as

indicating conscious perception or detection of the stimulus. However this definite view of the

significance of Nl and perception of the stimulus has been modified slightly in more recent reports,

which have suggested that although Nl presence is necessary for discrimination, it does not
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necessarily signify discrimination (Martin, Sigal, Kurtzberg and Stapells, 1997; Martin, Kurtzberg and

Stapells, 1999). However Nl does indicate the arrival of "potentially discriminable" information at the

auditory cortex (Martin and Boothroyd, 1999; Stapells, 2001).

Vaughan and Ritter (1970) found that Nl reversed in polarity with recording electrodes placed over

the Sylvian fissure and proposed that Nl was generated in the primary auditory cortex on the superior

aspect of the temporal lobe. Evidence for a second generator site came from Wolpaw and Penry

(1975) who simultaneously recorded over the temporal lobes and vertex and identified the "T -
complex", at the temporal sites. The T complex consisted of a positive wave 'uTa" at 105 msec and a

negative wave 'Tb" at 155 rnec, which overlapped with the vertex Nl - P2 response. Wolpaw and

Penry proposed that the T complex was generated in the secondary auditory cortex on the lateral asp€ct

of the temporal lobe. This complex has radially oriented generators and therefore is not picked up by

magnetic recordings.

Naatanen and Picton (1987a) extensively studied the Nl response and defined three separate generator

components. The first Nl component is a frontocentral negativity and is believed to be generated by

vertically oriented dipoles on the supratemporal plane, the planum temporale. This supratemporal

component is about l07o larger contralaterally then ipsilaterally, probably due to the greater numbers

of contralateral ascending neural fibres (Scherg and Von Cramon, 1986). This finding is supported by

Pantev et al., (1998) who found shorter latencies with contralateral stimulation due to a shorter

contralateral pathway. Pantev et al. (1998) also found an asyrnmetry in the response with Nl being

more anterior in the right hemisphere, which corresponds to the anatomical asymmetry seen in the

temporal lobes (Pantev et al., 1995). The second component is the T complex as defined by Wolpaw

and Penry (1975); additional evidence for this generator site has come from intracerebral recordings

(Celesia, L976). Naatanen and Picton's third Nl component is a nonspecific component that peaks at

100 msec and reaches its maximum amplitude at the vertex. This third component may be generated
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by frontal motor and premotor cortex under the influence of the reticular activating system and

thalamus, and may form part of the mechanisms of attention.

l.esion studies by Woods et al. (1987) revealed that Nl abnormalities reflected lesion extension away

from primary auditory cortex into the multi-modal inferior parietal lobe of the cortex. Knight et al.

(1980) found that lesions of the frontal lobe had no effect on the amplitude, scalp distribution or

refractory properties of Nl. However, after frontal lesions, Nl was larger contralaterally to the site of

lesion, therefore it was postulated that normal frontal lobes may inhibit the generator of the Nl in

response to contralateral sounds. Overall, lesion studies have been unsuccessful in clearly localising

cortical AEP generators, probably due to the diverse nature of the pathologies involved. I-esions in

one area of the brain can affect the function of the brain in other areas and lesions may also alter the

conductivity of the brain sufficiently to distort the electric fields produced by an active generator

(Naatanen and Picton, 1987). Depth electrode recordings have produced evidence that Nl is localised

in the secondary auditory areas and the planum temporale (Liegeois-Chauvel et al., L9941. Recent

evidence supporting the proposed generators of Nl comes from combined neuromagnetic and

electroencephalogic recordings that have utilised the high temporal resolution of EEG and the high

spatial resolution of MEG (Virtanen, Ahveninen, Ilmoniemi, Naatanen and Pekkonen, 1998). Virtanen

et al. (1998) simultaneously recorded the EEG from 64 channels and the MEG from 122 channels from

five normal hearing subjects using monoaural stimulation and examined the relationship between the

two recording techniques. The replicability of the two techniques was very high, strongly supporting

the evidence for the previously described Nl generator sites.

C o rt ic al T ono t o p ic ity and I p s ilat e raU C o ntal at e ral Arymmet ry

Electrophysiological studies have shown Nl latencies progressively increase by up to 20 ms with high

to low frequency stimulation (Jacobson, Lombardi, Gibbens, Ahmad and Newman,1992: Woods et
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al., 1993). Jacobson et al. (1992) and Woods et al. (1993) found that Nl elicited by a250 Hz stimulus

was significantly later (approximately 13 msec) and larger in amplitude than Nl recorded with 1000 or

4000 Hz stimuli. Jacobson et al. (1992) also found that the latency of Nl is earlier when recorded

contralaterally from temporal electrode sites. Picton, Woods and Proulx (1978) found significant

amplitude differences between Nl recorded at C3 and C4 to I kHz tone bursts with left and right ear

stimulation, with greater responses to right ear stimulation. A study using scalp potential mapping also

found that responses to a250 Hz stimulus were significantly delayed compared to higher frequency

stimuli (1000 - 4000 Hz) and were earlier and larger when recorded from the hemisphere contralateral

to the ear of stimulation (Verkindt, Bertrand, Perrin, Echallier and Pernier, 1995).

Postulated reasons to account for the 10-20 ms difference in low versus high frequency Nl latencies

include: i) spatial differences in cortical auditory reception areas, resulting in longer thalamocortical

projections for lower frequency neurons, ii) narrower frequency tuning resulting in "neuronal filter"

delays for low frequency cortical neurons, and (iii) variation in conduction velocity with stimulus

frequency (Jacobson et al., 1992; Woods et al., 1993). The tonotopic organisation of the Nl

generators, with the low frequency cortical regions being more superficial, and the spread of activity

along the basilar membrane with low frequency stimulation resulting in the recruitment of more basal

cochlear contributions to the low frequency stimulus could explain the effect of stimulus frequency on

Nl amplitude. Explanation (ii) is supported by evidence that tuning in low frequency neurons

sharpens at cortical levels (Suga, 1995). In support of explanation (iii), Woods et al. (1993) proposed

that faster high frequency conduction velocities would result in a high speed, high frequency system

that could play a key role in speech processing and sound localisation as the second and third formants

of speech are particularly important in understanding speech (de Boer and Dreschler, 1987).

The combined results of these effects would be an augmentation of the Nl amplitude for low

frequency stimuli. The frequency specific amplitude effects may not in total reflect cortical frequency
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organisation but could rather reflect the additional effects of the tonotopicity of the basilar mernbrane.

This peripheral explanation does not fully account for the latency effects however as the travel time

from the base to the apex of the basilar membrane has been estimated at 3 msec @ggermont et al.,

1980). Jacobson et al. (1992) suggested that the Nl latency difference between low and high

frequencies could be explained by including cortical travel time. Conduction velocities of cortical

neurons range between 0.3 and 0.5 m/sec and the distance between the high and low frequency regions

has been estimated to be I cm (Hari, 1990). Therefore the approximately 13 msec difference could be

explained by the slow speed of transmission within the auditory coftex between the sites of lowest and

highest frequencies, plus the 3 m/sec cochlear travel time.

MEG studies have predominantly been used to investigate scalp distributions of evoked potentials

because of their greater spatial resolution compared to conventional auditory evoked potentials

(Liegeois-Chauvel et al., 1994; Pantev et al., 1995; Lutkenhoner and Steinstrater, 1998). A study

using a whole head magnetometer found that the contralateral Nl latency was shorter by 7 ms than the

ipsilateral Nl response to tonal stimuli ( Pantev et al., 1998). Similar results were found in another

study using a whole head magnetometer with earlier latencies (67o shorter) and greater amplitudes

(107o larger) for Nlm (the neuromagnetic equivalent of Nl) responses in the hemisphere contralateral

to the ear of stimulation (Irvanen, Ahonen, Hari, McEvoy and Sams, 1996).

In a study that compared simultaneously recorded auditory evoked magnetic fields and auditory

evoked potentials, no significant differences were found in Nl latency or amplitude between the

ipsilateral and contralateral auditory evoked potential recordings elicited by a I kllz tone burst.

Significant differences were seen in the magnetic recordings, however (Pantev, Lutkenhoner, Hoke

and [rhnertz,1986). The contralateral magnetic response was l0 ms earlier and had a387o greater

amplitude than the ipsilateral response. Using low frequency stimuli Jacobson et al. (1992) and

Verkindt et al. (1995) obtained earlier and larger contralateral auditory evoked potentials. Pantev et al.
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(1986) did not use a low frequency stimulus. A proposed explanation for dominance of the

contralateral auditory pathways is that the ascending auditory pathways after the inferior colliculus are

shorter and that the majority of the auditory fibres cross to the contralateral hemisphere (Galaburda

and Sanides, 1980).

Differences in Nl lateralisation compared to normal hearing subjects have been reported in adult

subjects with late onset unilateral left sided deafiress (Ponton et al., 1999). These subjects have

decreased Nl asymmetry compared to normal hearing subjects. This change in hemispheric

lateralisation of cortical responses presumably reflects central auditory reorganisation after unilateral

deafrress. A change in lateralisation was not seen in adults with unilateral right-sided hearing loss who

continued to show the normal pattern of an asymmetrical Nl response with greater responses

contralaterally. Because of this difference in the effects of left and right ear deafrtess, Ponton et al.

(1999) postulated that the inter-hemispheric transfer of information appeared to be asymmetrical and

that enhanced ipsilateral contributions to auditory cortical regions result from left sided deafrress.

Ponton et al. (1999) also noted that adult CI users with late onset deafrress have decreased asymmetry

of Nl responses compared to normal hearing subjects. Further work is needed to investigate the

effects of unilateral deafrress on cortical AEPs to explore these unexpected findings. Animal studies

involving unilateral cochlear destruction (Popelar, Erre, Aran and Cazals, L994) have demonstrated an

enhanced ipsilateral evoked response in the auditory cortex, with the ipsilateral responses in these

experimental animals becoming similar to the contralateral responses in the control animals within a

period of three weeks.

Increased excitatory input to the auditory cortex has been reported in an animal study using gerbils

after unilateral cochlear destruction (Kitzes, 1984). Ponton et al. (1996b) suggested that monaural

stimulation (e.g., as a result of unilateral deafness or a single CI) may preferentially lead to greater

ipsilateral contributions to the cortical response. Thus the larger Pl amplitudes in implanted children
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compared to nonnal hearing children may result from a combination of the maturational delay in their

AEPs due to their duration of profound deafrress and increased excitatory ipsilateral input.

Habituation of Cortical Evoked Potentials

Many studies have reported a reduction in Nl amplitude with increased stimulus delivery rates, up to

657o in certain conditions. There is a tendency in the literature to call this phenomenon "habituation"

(Picton et al., 1976; Woods and Elmasian, 1986; Naatanen and Picton, 1987; Naatanen, 1990;

Naatanen, 1992;Cowan, Winkler, Teder and Naatanen, 1993;Jacobson, 1999). Habituation has been

defined as "the decrement in response amplitude resulting from a loss of novelty associated with the

building of a neuronal model following repetition of an auditory stimulus" (Budd, Barry, Gordon,

Rennie and Michie, 1998). Refractoriness is a characteristic of single neurons in the post action

potential period during which a further action potential cannot be elicited (Pickles, 1988). In ERP

research the term refractoriness has been generalised to include multisynaptic pathways or neural

networks. Researchers have maintained that the decrement in Nl amplitude occurs because of the

temporal limitations inherent in the physiochemical mechanisms underlyrng Nl generation and thus

closely spaced auditory stimulus presentations do not allow adequate recovery of these mechanisms

(Naatanen and Picton, 1987; Budd et al., 1998). Picton et al., (1976) determined that amplitude

reductions due to refractoriness should stabilise immediately after repetition of a stimulus while

habituation should result in a more progressive decline in response amplitude.

Jacobson (1999) proposed that the "habituation" of the Nl response may be caused by a reduction in

the frontal component of the response with higher repetition rates (nonspecific component three,

(Naatanen and Picton, 1987)). This frontal Nl component may be affected by the brain's arousal

system or orienting response (Sokolov, 1963) as it is thought to be generated in the frontal motor and

premotor cortex and controlled by the reticular formation and ventrolateral thalamus (Naatanen, 1992).
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Naatanen (1990) proposed that Nl habituation indicates that a neural representation or nremory of the

stimulus had been formed.

Budd and colleagues (Budd et al., 1998) investigated the phenomenon of Nl amplitude decrement by

varylng two parameters, stimulus repetition and interstimulus interval, to determine if the Nl

decrement was due to habituation, which they defined as " a psychologically relevant process" or

refractoriness, "a basic neurophysiological process". Budd et al. (1998) found that stimulus repetition,

when considered separately from or in addition to the influence of the stimulus interval, provided no

significant effect on Nl amplitude decrement. Therefore they concluded that the process of the

decrement in Nl following stimulus repetition reflected a refractory process, and that there was no

evidence to support the view that the Nl decrement was due to habituation. Additionally, they found

the interaction between Nl scalp topography and inter stimulus interval was consistent with the

Naatanen and Picton (1987) three component classification of Nl. A frontal, short recovery

habituation process reflected the activity of component one and a more widespread centrally maximal

later habituation process reflected the activity of component three.

To be consistent with the majority of published literature, in the present study the term "habituation" is

used to describe the Nl amplitude decrement that was seen in both the CAEP and MMN/P3a responses

with increased stimulus repetition rate. It is acknowledged however that the Budd et al. (1998) study

established that it would be more correct to describe this Nl decrement as a refractory process.

P2

P2 is a positive peak occurring 150 - 20O msec after stimulus onset. The maturational time course of

P2 is much shorter than that of Pl and Nl and it appears to reach adult latency and amplitude values

by age five years or earlier (Ponton et al., 2000), P2 sources are believed to be l-2 cm more anterior
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then the sources of Nl. In a maturational study of the cortical responses over multi-electrode sites

Ponton et al., (2000) found age related differences in P2 amplitude. In early childhood, up to age ten

years, P2 was largest atPz, and from then on it tended to shift to being more prominent at more

anterior locations. P2 may not be present in every subject and may be present only over posterior sites

(Jacobson et al., 1992>. A neuromagnetic study found that the generators responsible for Nl and P2

were separated by Heschl's gyrus with Nl appearing to arise from the planum temporale and P2 from

Heschl's gyrus (Lutkenhoner and Steinstrater, 1998).

Attention has been found to influence P2 amplitude (Alho, Tottola, Reinikainen, Sams and Naatanen,

1987; Eggermont, 1988; Rif, Hari, Hamalainen and Sams, l99l). Eggermont (1988) proposed that the

early maturation of P2, which is similar to the maturation of the ABR wave I -V interval latency,

linked the P2 generator to the maturation of the brain stem and the reticular activating system (RAS).

In a neuromagnetic study P2 amplitude was found to be enhanced to irrelevant auditory stimuli in an

attentional task that had large differences between relevant and irrelevant tones (Rif et al., l99l). Rif

et al. (1991) speculated that this may be caused by "gating" of the input from a sensory stimulus by the

thalamus before it reached the auditory cortex. They proposed a thalamocortical loop where the

suppression of irrelevant stimuli was carried out by inhibitory neurons located in the reticular

formation, activated by thalamic relay neurons and corticothalamic afferents. Similar results were

found in an evoked response study by Alho and colleagues (Alho et al., 1987) where P2 amplitude was

enhanced to irrelevant tones.

One study found that the amplitude of P2 was greatest over the right hemisphere (Paavilainen, Alho,

Reinikainen, Sams and Naatanen, l99l), and it was proposed that this may be because of hemispheric

differences in the orientation of the generator mechanisms. Studies have also reported P2 as being

made up of two overlapping positive peaks (Paavilainen et al., l99l; Verkindt, Bertrand, Thevenet and

Pernier, 1994). Paavilainen et al. (1991) suggested that the hemispheric distribution of P2 could be
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explained by a widely distributed positive component with larger contralateral amplitudes and a local

positive component over the right hemisphere. In a study of scalp potentials and current density

mapping, Verkindt et al. (1994) described P2 as being made up of one early, frequency dependent

component, generated in bilateral supra{emporalplanes that decreased with increasing frequencies

and a later bilateral temporo-parietal component that was not frequency dependent.

Exogenous and Endogenous Responses

Evoked potentials have been divided into two main categories, exogenous and endogenous. An

exogenous response is one that is dependent upon the physical characteristics of the stimulus rather

than on a cognitive event, whereas an endogenous component is determined by a cognitive event rather

than by the physical stimulus, and may be released from memory (i.e. emitted) (Regan, 1989).

Exogenous potentials are relatively stable to a given stimulus whereas endogenous components show

great variability usually in accordance with the subject's state and behaviour (Naatanen, 1992). The

previously described AEPs (ECochG, ABR, MLR and CAEP) are described as exogenous responses as

they are considered to be essentially resistant to the effects of attention. The early responses @CochG

and ABR) are also resistant to anaesthesia, are unchanged during sleep, they are not affected by

changes in the focus of attention and they do not habituate (Regan, 1989). Endogenous potentials

mostly depend upon the subject's intentions and actions and are also referred to as event related

potentials (ERPs). Endogenous potentials include mismatch negativity (MMN) and the P3 responses

(Naatanen, 1992).

The separation of the later evoked potentials into the exogenous and endogenous categories is

controversial (Stapells, 2001). Mismatch negativity is normally recorded with the subject listening

passively to the acoustic stimuli and therefore could be described as exogenous. MMN can be

influenced by attention however (Woldorff, Hillyard, Gallen, Hampson and Bloom, 1998) and can
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therefore be classed as an endogenous potential. The term "event related potentials" or ERPs,

described by Stapells (2000) as '*brain responses which are time-locked to some specified event" will

be used in this thesis when discussing mismatch negativity and P3 responses.

MMN

Mismatch negativity (I!flvfl{) is an ERP generated when a novel sound is detected in a sequence of

similar sounds by an automatic neural change detection process that encodes the physical

characteristics of the stimulus and compares these with the memory trace of the similar sounds.

Mismatch negativity was first identified by Naatanen and his colleagues in 1978 (Naatanen, Gaillard

and Mantysalo, 1978) when they separated MMN from the N2 deflection of the ERP to deviant sounds

occurring among repetitive (standard) sounds. The most important feature of the MMN response is

that it is essentially independent of attention and stimulus significance. This has led to MMN being

described as a "unique measure in cognitive neuroscience" (Naatanen, 1996). MMN has been studied

extensively since it was first identified and there are now numerous papers published on various

aspects of the response. There is much evidence to suggest that MMN is generated by a divergence

from the neural sensory-memory representation of the standard stimulus when a deviant stimulus is

detected, rather than the deviant stimulus activating a new set of neural elements. Thus MMN can be

used to probe the accuracy of the central auditory system in its ability to detect stimulus change.

MMN has been recorded to changes in frequency, intensity, and duration of pure tones, and with

complex stimuli such as speech phonemes and frequency glides. Changes in interstimulus intervals,

serial tone patterns and stimulus omission also produce MMN. These stimulus effects on MMN have

been reviewed extensively (Naatanen,1992; Kraus et al., 1995b;Naatanen, 1995; Naatanen, 1996;

Naatanen and Alho, 1,997).
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A fundamental feature of MMN is that its latency and amplitude vary with the discriminable size of

the deviant stimulus, becoming larger and earlier with increasing deviance from the standard stimulus.

Naatanen (1995) proposed that MMN is generated by the outcome of the comparison process rather

than the comparison process itself. MMN is also considered to be modality specific, as it is generated

in the auditory cortex, and there does not appear to be a direct visual equivalent (Naatanen, 1992;

Schroger, 1998). Thus MMN can be used as a measure of the accuracy of the auditory change

detection ability of individual subjects. MMN has been described as "a response to the relation

between stimuli, not to the stimulus per se" (Naatanen, Paavilainen, Alho, Reinikainen and Sams,

1987). Also, because of its freedom from requiring active participation of the subject, MMN is ideally

suited for use with young children or people with multiple handicaps who have difficulty responding

to some "active" recording paradigms that require participation in the discrimination task, such as are

used to obtain the P3b response (Alho, Woods, Algazi and Naatanen, 1992). However, a difficulty

with recording MMN is that it may not be reliably present in all subjects, particularly in young subjects

(Kurtzberg, Vaughan, Kreuzer and Fliegler, 1995).

The cortical neural sources believed to be responsible for MMN generation have been extensively

studied with both neuromagnetic and multichannel ERP techniques. Based on these studies

researchers believe there to be a set of MMN generators, one in the supratemporal auditory cortex

(Hari, Hamalainen, Ilmoniemi, Kaukoranta, Reinikainen, Salminen, Alho, Naatanen and Sams, 1984;

Scherg, Vajsar and Picton, 1989) and one in the temporal cortex (Giard, Perrin, Pernier and Bouchet,

1990). Neuromagnetic studies (Sams, Hamalainen, Antervo, Kaukoranta, Reinikainen and Hari,

1985a; Csepe, Pantev, Hoke, Hampson and Ross, 1992) demonstrated that the MMNm (the magnetic

equivalent of the MMN) source was separate from the source of the simultaneously generated Nlm

(the neuromagnetic equivalent of Nl) response, being more anterior, medial and inferior relative to

Nl. While slightly different frequencies present in the standard/deviant "oddball" stimulus paradigm

did not elicit different Nlm generators, they were effective in eliciting the MMNm generator (Csepe et
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al., 1992). This is consistent with the refractory properties of the Nl wave, which reduces in

amplitude with repetition of identical (or similar) stimuli due to a decrease in excitability of the neural

generators (Vaughan and Ritter, l97O). These MMN generator sites have been confirmed with

intracranial recordings in animals and humans (Kraus, McGee, Carrell, King, Littman and Nicol,

1994a; Kraus, McGee, Littman, Nicol and King, 1994b; Kropotov, Naatanen, Sevostianov, Alho,

Reinikainen and Kropotova, 1995; Schroger, 1998). The MMN tends to be larger over the right

hemisphere irrespective of the ear stimulated, compared with the Nl response which tends to be largest

in the hemisphere contralateral to the ear stimulated (Giard et al., 1990; Paavilainen et al., l99l;

Cowan et al., 1993). MMN typically inverts in polarity when recorded using electrodes placed at the

mastoids if a nose reference is used and the stimuli are relatively simple (Alain and Woods, 1997;

Schroger, 1998).

MMN to Frequency Contrasts

Further discussion on MMN literature will be restricted to studies examining frequency contrasts as

this thesis used a frequency discrimination task to probe the performance of the cochlear inplant

subjects. Tiitinen and colleagues (Tiitinen, May, Reinikainen and Naatanen, 1994) studied the

magnitude of frequency deviation from a 1000 Hz standard tone required to elicit a reliable MMN in

young normal hearing adults. A l%o frequency change (10 Hz) could elicit a MMN in these subjects.

With increasing frequency deviance the MMN latency shortened and amplitude increased as expected.

If the frequency contrast becomes too great then the MMN response may overlap with an enhanced Nl

response from new neural afferents responding to the deviant stimuli (Sams, Paavilainen, Alho and

Naatanen, 1985b; Scherg et al., 1989; Novak, Ritter, Vaughan and Wiznitzer, 1990; Cowan et al.,

1993). Frequency contrasts of 5 Hz or less did not always generate a MMN, although a small late

MMN was recorded in some subjects (Tiitinen et al., 1994). The frequency range of the deviant

stimulus that did not elicit a reliable MMN was defined as the width of stimulus representation (Rw)
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for auditory frequency. For young adult subjects using 1000 Hz as the standard stimulus and using a

short interstimulus interval, the Rw for tonal frequency as defined by MMN is 0.5 - 2.0 Vo. Thus,

using 0.57o as the Rw for a 1000 Hz stimulus, one would not expect a deviant stimulus of 1005I{z

contrasted with a 1000 Hz standard to elicit a MMN (Naatanen and Alho, 1997).

The correlation of MMN amplitude with behavioural discrimination (Naatanen,1992: Kraus et al.,

1995b; Naatanen and Alho, 1997) means that MMN can be used to objectively investigate a subject's

auditory discrimination ability. The P3 response also can be used for this but MMN has the following

advantages over P3 (Naatanen and Alho, 1997): MMN is elicited even in the absence of attention,

MMN is preperceptual in nature, and MMN is the temporally first discriminative response to stimulus

deviation; that is, MMN provides the initial code of stimulus difference.

Measurement and Interpretation Issues

MMN is typically identified as the difference between the frequent waveform and the rare waveform,

and is usually measured on the difference waveform that results from the subtraction of the frequent

response from that of the rare response (Schroger, 1998; Naatanen, 1992). MMN is recorded using the

passive "oddball" paradigm where a frequent standard sound and an infrequent deviant sound are

delivered in a pseudo-random fashion to the subject who does not attend to the sounds. The subject is

usually instructed to either read or to watch a silent video in order to keep their attention away from

the sounds. It is more effrcient to use a pseudo-random stimulus sequence because it has been found

that MMN is reduced to a second deviant if it occurs immediately after the first deviant (Schroger,

1998). Therefore, typically, there are three or more frequent stimulus presentations between each rare

stimulus, and a series of up to twenty frequent stimulus presentations at the beginning of the stimulus

train is recommended in order to build a strong memory trace of the standard stimulus (Lang, Eerola,

Korpilahti, Holopainen, Salo and Aaltonen, 1995; Schroger, 1998). Researchers have used multiple
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deviant stimuli contrasted with the standard within the same oddball stimulus series. If there are two

different deviant stimuli within the stimulus train the MMN is not reduced if the two deviants follow

each other (Ritter, Deacon, Gomes, Javitt and Vaughan, 1995). The percentage of deviant stimuli

should be below 20Vo to maximise the amplitude of the MMN and typically ranges between lO -ZOVo

(Lang et al., 1995; Schroger, 1998).

The nose is often used as a reference site for MMN recording as this allows the polarity reversal of

MMN over the mastoids to be seen, which may help confirm the presence of MMN. The nose

reference electrode site may be impractical in some subjects, however, particularly younger subjects

and may result in greater recording artifacts (eg eyeblinks) than other reference sites (Lang et al.,

1995). Additionally, using the nose as a reference site may result in smaller amplitude MMN

compared to MMN recorded with the mastoids as the reference. If the MMN is small in amplitude and

I close to the level of the recorded noise, it is recommended that it be re-referenced to the mastoids

(Schroger, 1998).

N2b

Naatanen separated the N2 component of the ERP into the MMN and N2b, which is present when the

subject attends to the stimuli, however, when the stimulus deviation is large a small amplitude N2b

may be elicited in the ignore condition (Naatanen, Simpson and l,oveless, 1982). The N2b component

partially overlaps with the MMN, has a longer peak latency, a more central scalp distribution and

typically does not invert at the mastoids if a nose reference electrode is used (Sams, Aulanko, Aaltonen

and Naatanen, 1990; Naatanen, L99Z;Naatanen, Paavilainen, Tiitinen, Jiang and Alho, 1993).

Mismatch negativity has been proposed as the trigger for the N2b component (Naatanen et al., 1993),

if the MMN stimulus is sufficiently deviant and leads to an attention switch and conscious perception

of stimulus change.
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The effect of attention on MMN and N2b was studied by (Naatanen et al., 1993) who proposed that

there is a two stage mechanism to the generation of MMN - a threshold detection or computational

process that is independent of attention and an amplitude generation process that is affected by

attention or vigilance. The frontal MMN component could provide the link between the sensory-

specific cortex and the activation of the N2b - P3a complex (Naatanen, 1990). This could explain the

influence of attention on the generation of MMN that has been shown in several studies (Woldorff,

Hackley and Hillyard, 1991; Naatanen et al., 1993; Woldorffet al., 1998). The amplitude of the MMN

may be affected by the differing excitability of the amplifying system because of the attentional state

of the subject, whereas the amount of stimulus information extracted from the computational

mechanism remains unchanged. If a paradigm is used that has a wide stimulus deviation N2b can

overlap with the MMN. This is believed to be due to N2b reflecting the involuntary switch of

attention to the deviant stimulus (Naatanen, 1992). N2b has a broad scalp distribution similar to that

of the non-specific component three of Nl (Naatanen, 1992).

P3

The P3 ERP is a response thought to reflect the brain activity required for processing the stimulus

features of a rare or novel stimulus that is randomly presented in a series of frequent stimuli using the

oddball paradigm. P3 is a positive peak occurring approximately 300 ms after the presentation of the

rare stimulus. The amplitude, latency and scalp distribution of P3 are dependent upon the subject's

state of arousal and attention (Squires, Squires and Hillyard, 1975; Squires, Wickens, Squires and

Donchin, 1976; Johnson and Donchin, 1978).

It has been proposed that the P3 response is the neural representation of the maintenance of working

memory and the updating of the context of the stimulus (Squires et al., 1975). This concept of the

updating of the context within the neural model of the stimulus is based on Sokolov's original model
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of the orienting response (Sokolov, 1963), which described how the attention of an organism to a novel

stimulus was gained by a change in the neural representation of a stimulus (Squires et al., L975; Polich,

1987).

The P3 response can be separated into two distinct components. P3a is a more frontally distributed,

slightly earlier response (between 220 - 280 ms) elicited by a passive or "ignore" paradigm that

requires no subject participation. P3b has a more parietal scalp distribution and occurs in the latency

range of about 310 - 380 ms (Squires et al., 1975; Polich, 1989). For P3b to be generated, the subject

has to actively participate usually by either counting the rare stimuli or pressing a button to the rare

stimuli. It is possible for both P3a and P3b to be present in the responses of some subjects, however

(Squires et al., 1975). The N2b ERP is usually followed by the P3a and/or P3b components (Sams et

al., 1985b). Early studies indicated that the N2b and P3a responses were part of a unitary complex

(Naatanen et al., 1982), however, later work has shown they can be dissociated from each other (Sams,

Alho and Naatanen, 1984). P3a can be evoked following MMN when subjects ignore the stimuli,

without N2b being elicited (Sams et al., 1985b). If very large deviants are used, N2b and P3a are

sometimes seen in the "ignore" condition (Squires et al., L975; Schroger, 1998). P3a amplitude is

dependent on the difficulty of the discrimination between the frequent and rare stimuli (Ivey and

Schmidt, 1993; Comerchero and Polich, 1998; Katayama and Polich, 1998;Polich, 1998).

Significance can be manipulated experimentally by making some deviant stimuli "targets" that require

a subject response. P3a has been found to be sensitive to the probability of the deviant stimulus, but

not the significance of the stimulus (Naatanen et al., 1982). Polich (1998) reported that stimulus

novelty also does not affect P3a amplitude.

P3 amplitude has been found to reduce in amplitude after multiple stimulus presentations, similar to

the amplitude decrement seen in the cortical Pl-Nl-P2 responses with repeated stimulus presentations

(Ritter, Vaughan and Costa, 1968; Naatanen and Picton, 1987;Ivey and Schmidt, 1993). Reliable
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differences in P3 amplitude and latency compared to normal control subjects have been found in

various clinical populations with wide ranging central nervous system disorders including temporal

lobe lesions, Alzheimer's disease, alcoholism, depression and schizophrenia (Erwin, Edwards,

Tanguay, Buchwald and Irtai, 1986; Erwin, Van Lancker, Guthrie, Schwafel, Tanguay and Buchwald,

1991a; Daruna, Nelson and Green, 1992; Kemner, Verbaten, Cuperus, Camfferman and Vanengeland,

1995; Allen et al., 1996; McCarley, Odonnell, Niznikiewicz, Salisbury, Potts, Hirayasu, Nestor and

Shenton, 1997).

P3a latency is thought to provide a nrcasure of "stimulus classification speed" (Polich, 1986; Polich,

1998) and is related to the cognitive capability of the subject. P3a is delayed in the elderly, and in

subjects with dementing illness, with neurological disorders and post traumatic stress syndrome, as

reviewed in Polich (1998). Polich (1998) proposed that P3a reflected stimulus evaluation, occurring

during the initial corticalresponse to the incoming signal because it can be elicited by rare stimuli in

the absence of a behavioural response, appears to originate from the frontal lobe and readily

habituates. In contrast P3b is thought to reflect the attentional and memory related processes that are

engaged in stimulus evaluation (Polich, 1998).

Different studies examining the scalp disribution of P3 have reported P3 as being both symmetrical

(Knight, Scabini, Woods and Clayworth, 1989b), or with greater amplitudes over the right hemisphere

(Alexander, Bauern Kuperman, Morzorati, O'Connor, Rohrbaugh, Porjesz, Begleiter and Polich, 1996)

at frontal (F4) and medial electrode sites (C4), but with no hemispheric latency differences. In a study

of the influence of posterior association cortex brain lesions on P3, Knight et al. (1989b) found that

unilateral brain lesions in the posterior central plane caused bilateral reduction or elimination of P3a

and P3b whereas N2 remained intact. Lateral parietal coftex lesions had no influence on P3

generation. All of the subjects could perform the discrimination task that evoked the response. Thus

P3 generation does not appear to be critical for performance of the discrimination task, and may be
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linked to later stages of orientation to, and memory registration of the target stimuli. Knight et al.

(1989b) concluded that the auditory association cortex areas were essential for the generation of P3.

Halgren, Marinkovic and Chauvel (1998) used depth recordings to investigate P3 generation in

patients with chronic epilepsy who had electrodes implanted in their brains prior to surgery to localise

their epileptic foci. P3a was localised to a frontoparietocingulate system that has been associated with

the orientation of attention and P3b to the hippocampus, superior temporal sulcus, ventrolateral

prefrontal cortex, and probably the intraparietal sulcus, areas associated with cognitive contextual

integration. Although 'ooddball" tasks evoked activity in widespread neocortical and limbic areas,

there was highly organised activity in functional systems. Anatomical connections to the

temporoparietal area include the prefrontal cortex and thalamic nuclei, the limbic system and,

indirectly, the hippocampus, all of which are involved in the generation of attention, orientation and

memory systems in animals and humans (Knight, Scabini and Woods, 1989a).

In a study that compared the earlier AEPs (ABR, MLR, and Nl-P2) to P3, Spongberg and Decker

(1990) found no relationship between the earlier potentials and P3, except for an unexplained

latency/amplitude interaction for male subjects between Pa of the MLR and P3 amplitude and latency.

Spongberg and Decker (1990) concluded that P3 latency and amplitude were not influenced by the

latency and amplitude of the earlier components. This suggests that abnormal central auditory

processing could be evident in the later ERPs without any apparent abnormality in the earlier

potentials.
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Central Auditory Processing In Cochlear Implant Subjects

An explanation for the range of performance seen in cochlear implant users may lie in their differing

central auditory processing abilities. Central auditory processing of an individual can be examined

both behaviourally through the use of speech perception testing, frequency discrimination, tone-decay

testing and other pyschoacoustic procedures such as forward masking and objectively through the use

of evoked potentials. Studying cochlear implant subjects may give a unique view of how the central

auditory system processes the comparatively simple input from an implant and turns it into

comprehensible speech. The following section details the results of studies of behavioural and

objective aspects of central auditory processing in CI subjects.

Tone Decay in CI users

Tone decay, which is one of the characteristics of eighth nerve pathology often seen in acoustic

neuroma patients, is a clinical audiological diagnostic rneasure used in patients suspected to have

retrocochlear pathology. A positive tone decay result occurs when listeners are unable to perceive a

constant tone for usually about two minutes. Tone decay is believed to be caused by the damaged

nerve fibres being unable to fire repeatedly (Jerger, 1957; Johnson, 1968). There are few studies on

tone decay and forward masking leading to pyschophysical adaptation in CI subjects (House and

Edgerton, 1982; Shannon, 1983; Brimacombe and Eisenberg, 1984). In a study using three multiple-

channel implant subjects who were stimulated on a single channel, Shannon (1983) found that the CI

subjects' loudness perception showed significant tone decay and they were unable to perceive a

constant pure tone for a period of up to two minutes. Shannon proposed that the electrical stimulation

of the auditory nerve had caused this adaptation. Electrical stimulation of the auditory nerve, which

can cause higher firing rates than acoustic stimulation (Kiang and Moxon, 1972), could lead to the tone

decay seen in implanted subjects ("maximum firing rate, less recovery time" (Shannon, 1983 p. 175)).

In a study of 17 single channel implant users, Brimacombe and Eisenberg (1984) found that three
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subjects had significant tone decay. These three subjects were the poorest performers of the group and

differed significantly from the other CI subjects in several ways: they had become deaf at an earlier

age, they had more years of profound deafrress and they had fewer years of CI or hearing aid use.

Brimacombe and Eisenberg (1984) proposed that a relationship may exist between an individual's

ability to sustain tone perception and the number of auditory nerve fibres remaining that can respond to

electrical stimulation.

Pitch Discrimination

With multiple-channel implants, the perception of pitch has been shown to relate to electrode position

within the cochlea. Studies of post-lingually deafened adults using multiple-channel implants have

found that stimulation of the electrodes in a basal to apical manner produces sensations of high to low

pitch in accordance with the tonotopic organisation of the cochlea (Eddington et al., 1978a; Merzenich,

Kessler, Rebscher and Schindler, 1987; Dorman, Smith, McCandless, Dunnavant, Parkin and

Dankowski, 1990; Patrick and Clark, 1991). Ash and Shallop (1995) found no significant relationship

between a pitch ranking task of the implant electrodes and the subjects' speech perception abilities.

There have been few reports on the frequency discrimination of cochlear implant subjects and the

relationship between frequency discrimination and speech recognition.

Dorman and colleagues (1996) demonstrated a relationship between speech recognition scores and

frequency discrimination in a study of CI subjects who had 4 channel implants that could utilise

analogue stimulation and also a continuous interleaved sampling (CIS) processing strategy. The

subjects with the highest speech scores had the best frequency discrimination for frequencies in the

range 125 - 3900 Hz. Frequency discrimination was better for the low frequencies in the region of the

first formant of speech (125 - 900 Hz) than for the frequencies in the range of the second formant (900

- 2900 Hz). Frequency discrimination was also better using the CIS strategy, and Dorman et al.
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(1996) suggested that this was because CIS produces fewer culrent interactions and thus better

resolution of the spatial distribution of energy along the cochlea. Dorman et al. (1996) concluded that

there was a relationship between the ability to discriminate small frequency differences and high levels

of speech discrimination.

Auditory Evoked Potentials in Cochlear Implant Subjects

Auditory Brainstem Responses in CI users

Electrical auditory brainstem responses (EABR) have been widely recorded in cochlear implant

subjects. A consistent finding is that the latencies of the major EABR waves are I to 1.5 msec shorter

than the equivalent acoustically-elicited ABR waves (Shallop, Beiter, Goin and Mischke, 1990; Abbas

and Brown, l99l; Kileny, Zwolan, Boerst and Telian, 1997b). This is an expected result since the

electrical stimulation provided by the implant bypasses the cochlear sensory transduction process and

directly stimulates the auditory nerve, thus resulting in slightly earlier EABR waveforms. Presence of

an EABR confirms the functioning of the auditory nerve and brainstem (Shallop et al., 1990; Mason,

1997).

EABRs have been used for two main purposes in CI subjects, firstly to investigate the relationship

between EABR threshold and behavioural threshold on individual CI electrodes, and secondly to

investigate the relationship between CI performance and EABR parameters. In many paediatric

implant prograrnmes, EABRs are recorded at the time of implant surgery in young children (Kileny,

L99l; Shallop, VanDyke, Goin and Mischke, l99l; Kileny, Zwolan, Zimmerman-Phillips and Telian,

1994;Truy, Gallego, Chanal, Collet and Morgon, 1998). The EABR thresholds can be used to assist

in the programming of the device at the time of switch on. The behavioural threshold and/or comfort

levels for electrical stimulation are predicted using appropriate correction factors. EABRs have also

been used to investigate the relationship between CI performance and EABR amplitude and slope,
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however a clear relationship with performance has not been demonstrated (Abbas and Brown, l99l;

Groenen, Makhdoum, van den Brink, Stollman, Snik and van den Broek, 1996b; Makhdoum, Groenen,

Snik and van den Broek, 1998). A goal of this avenue of research is to determine objective

electrophysiological measures that will be predictive of implant performance. This information could

be used for counselling purposes and as a guide when programming the device.

Middle lntency Responses in CI Users

Middle latency responses were first recorded in CI users by Gardi (1985) who recorded MLRs in two

adult multiple-channel CI users in order to explore the possibility of using the MLR (and EABR

recordings) as indices of implant performance. He found that the MLR waveforms had similar

morphology and absolute peak and interpeak amplitudes and latencies to those recorded from normal

hearing subjects. Similar findings were reported by (Miyamoto, 1986; Pehzzone, Kasper and

Montandon, 1989; Shallop et al., 1990; Pelizzone, Kasper, Hari, Karhu and Montandon, 1991;

Makhdoum et al., 1998).

The first study to relate MLR responses to the perception abilities of CI users was carried out by

Groenen and colleagues (Groenen, Snik and van den Broek, L997). Groenen et al. (1997) studied a

group of pre and post lingually deafened multiple-channel CI adults by directly stimulating electrode

pairs and found little difference in MLR morphology between pre and post Iingually deafened adults.

Groenen et al. (1997) concluded that the differences in speech perception abilities of the two groups

could not be fully explained by differences in the integrity of the neural generators of the MLR.

However, a relationship between MLR amplitude variation across electrode pairs and suprasegmental

speech scores and latency measures to segmental aspects of speech scores was found.
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Suprasegmental scores are related to linguistic skills such as recognising the number of phonemes in a

word, whereas segmental aspects of speech processing are related to linguistic skills such as word

recognition. Poorer implant users had more variable MLR amplitudes and latencies across the

electrode pairs than did the better performers. Groenen et d. (1997) concluded that MLR "quality"

was suggestive of subjective performance amongst the CI. Makhdoum et al. (1998) recorded EABR,

EMLR and cortical responses in a group of 15 postlingually deafened adult CI users and found that the

EMLR responses had similar latencies to the normal hearing subjects and no significant correlations

were found between the EMLR data and speech scores. In contrast to the late ERPs (MMN and P3)

and the early EABR, there have been few published studies relating the MLR to the speech perception

abilities of CI users.

Cortical Responses in CI Users

CAEPs have been used more widely than the earlier AEPs to investigate performance in CI subjects.

In an interesting study, Pelizzone and colleagues (Pelizzone et al., 1991) compared the

electrophysiological results obtained from a CI subject who received bilateral implants. The hearing

loss in one ear was from congenital causes, and in the other ear from acquired causes. CAEP

responses in the acquired deafrress ear were similar to those of normal hearing subjects, whereas the

responses from the congenitally deaf ear were abnormal. ABR and MLR recordings were similar with

stimuli presented to each ear and resembled those from normal hearing subjects. There was a

significant difference in speech performance scores between the ear of stimulation in this subject, with

stimulus presentation to the acquired deafrress ear achieving open set performance scores whereas the

congenitally deaf ear demonstrated poor performance speech scores when there was no access to

speech reading cues. Only the CAEP responses demonstrated electrophysiologically the difference in

central auditory processing between the ear of stimulation that was evident in the behavioural speech

perception results. P3 and MMN responses were not recorded in this study.
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Pekzzone, Kasper and Montandon (1989) elicited EABR, MLR and CAEP Nl responses in four adult

CI users with mixed abilities ranging from open set speech recognition performance to only perceiving

environmental sounds. The results were compared to those obtained in one normal hearing listener.

Evoked potential morphology appeared normal for all of the waves in all subjects, but the EABR and

MLR waves were earlier and Nl was later in the CI subjects than in the normal hearing subject.

Makhdoum et al. (1998) also recorded EABR, EMLR and cortical responses in implanted adults and

examined their relationship to speech perception scores. The only significant relationships that were

found were between P2 latency (earlier latencies) and Nl-P2 amplitude (greater amplitudes) and

higher speech perception scores (using spondee identification, a simple closed set task). The nean

latencies of Nl and P2 in this study were similar to those found by Ponton et al. (1996b). Makhdoum

et al. (1998) did not include any normal hearing control subjects in their study.

Groenen et al. (1996b) recorded cortical responses in seven postlingually deafened adults using tonal

stimuli and found that the latency and amplitude of Nl and the amplitude of P2 did not significantly

differ from a group of normal hearing control subjects. The CI subjects in this study were separated

into good and moderate performers based on their speech scores and the moderate performers were

found to have a smaller P2 amplitude that was outside the normal range. Groenen et al. (1996)

postulated that this could be due to poorer cochleotopical organisation of the auditory cortex in the

moderate performers. Similar latencies for cortical responses in CI users and normal hearing subjects

have been reported in studies by Oviatt and Kileny (1991) and Kileny and colleagues (Kileny, Boerst

and Zwolan, L997a). Micco et al. (1995) reported similar Nl and P2 latencies in a group of CI

subjects to NH controls but Nl amplitude was significantly smaller in the CI subjects.

Ponton and colleagues (Ponton and Don, 1995; 1996b) compared cortical responses in adults and

children with normal hearing and CI subjects using click stimuli with direct stimulation of the CI

electrodes. Nl latencies were earlier in the adult CI subjects compared to the normal hearing subjects.
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They proposed this might be due to better synchronisation of a larger number of neural elenents

elicited by the electrical stimulation. Ponton et al. (1995) noted that the direct stimulation of the

electrodes could not entirely explain the shorter latencies of the cortical responses found in the CI

subjects. They commented that the results should only be regarded as preliminary because of the small

subject numbers. In the Ponton et al. (1996b) study the CI cortical responses were approximately l1

msec earlier than those of the normal hearing subjects. Ponton et al. (1996) hypothesised that because

the electrical stimulation leads to better neural synchronisation of a large number of neurons this

would lead to decreased synaptic delays. Thus according to Ponton et al. the "total tirne to reach

primary auditory cortex and the synaptic delays of cortico-cortical reactivation would be shorter." The

time taken for the Nucleus Cl-22M implant to process sound (from the moment the sound reaches the

microphone to the time the individual electrodes are directly stimulated) is 5 - 6 ms (Cochlear Ltd,

personal communication). The time for a normal cochlea to process sound to the point in time of the

firing of the afferent nerve fibres is l-2 ms (Pickles, 1988). Therefore reduced synaptic delays are

likely to contribute to the earlier cortical latencies of the CI subjects as the time of firing of the

auditory nerve in CI subjects is 3 - 4 ms later than in normal hearing subjects.

Ponton et al. (1996b) noted larger Pl amplitudes in the CI children compared to the normal hearing

children which they postulated may be due to the monaural stimulation provided by the implant

leading to excitatory ipsilateral input to the auditory cortex which is greater than occurs with binaural

stimulation (Kitzes, 1984; Popelar et al., 1994).

There is variability in the findings of studies that have investigated cortical AEPs recorded in CI

subjects. The majority of studies have reported broadly similar latencies and amplitudes of Nl in CI

subjects and NH control subjects, however there are several studies (Ponton and Don, 1995; Ponton et

al., 1996b) that have found consistently earlier Nl latencies for CI subjects. It is possible that this

variability is due to stimulus differences, particularly the mode of stimulus delivery. In the Ponton et
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al. studies direct electrical stimulation of the CI electrodes was used, whereas other studies (Kaga,

Kodera, Hirota and Tsuzuku, 1991; Oviatt and Kileny, 1991; Kraus and McGee, 1993; Micco et al.,

1995; Groenen et al., 1996b; Kileny et al., 1997a) have delivered stimuli acoustically via a loudspeaker

or earphone to CI subjects. The small acoustic delay due to sound field stimulus delivery plus the

implant processing time could explain why studies do not see earlier latencies in CI subjects when

stimuli are delivered acousticallv.

MMN and P3 in Cochlear Implant Subjects

MMN has been used to investigate electrophysiological correlates of performance in CI subjects in

several studies in an attempt to explain the variable performance found amongst implant users (Kraus,

Micco, Koch, McGee, Carrell, Sharma, Wiet and Weingarten,1993; Ash and Shallop, 1995; Kraus et

al., 1995b; Ponton and Don, 1995; Groenen, Snik and van den Broek, 1996a; Kileny et al., 1997a;

Wable, van den Abbeele, Gallego and Frachet, 2000). Investigators have used short duration click

stimuli, long and short duration pure tones, and speech phonemes as stimuli.

Almost all the studies reported in the literature investigating P3 in CI subjects have used an active

paradigm and therefore would be measuring P3b (Kaga et al., 1991; Kileny, l99l; Oviatt and Kileny,

1991; Micco et al., 1995; Groenen et al., 1996b;Jordan et al., 1997; Mata, Perez, Jimenez, Roldan and

Postigo, 1999; Okusa, Shiraishi, Kubo and Nageishi, 1999). Oviatt and Kileny (1991) found a

significant difference in P3 latencies between CI users and normal hearing subjects using pure tone

stimuli for their small frequency contrasts (500 vs. 1000 Hz, 500 vs. 2000 Hz), but latencies were

similar for the two groups for a large frequency contrast (500 vs. 3000 Hz). In normal hearing

listeners P3 latency is increasingly prolonged as the discrimination task becomes more difficult

(Katayama and Polich, 1998). Thus, prolonged P3 latencies compared to normal listeners would be

expected due to the greater difficulty of the listening task in the CI subjects. Kileny (1991) recorded
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P3 responses in four child CI subjects using tonal stimuli (500 vs. 2000 and 3000 Hz). Kileny found

that the presence of P3 depended upon discrimination of the stimulus. A poor subject did not have a

P3 response (an indicator of discrimination) but did have a Nl - P2 response (an indicator of

detection).

Ash and Shallop (1995) investigated the relationship between place-pitch ranking of CI electrodes and

MMN and P3 using active and passive paradigms in l0 adult experienced CI users using tonal (1000

vs. 3000 FIz) stimuli. The subjects were divided into n'good" and "poor" users depending upon their

speech perception scores. MMN appeared to be more sensitive to the speech perception abilities of the

subjects than P3 as MMN was consistently absent in the poor performers and present in the good

performers. Although there was no significant relationship between the ability to distinguish high

versus low pitched electrodes in the good and poor users, there was a significant difference between

the groups in their ability to detect the difference between adjacent basal (high frequency) electrodes.

This result supports the findings of Busby, Tong and Clark (1993), who showed that frequency

discrimination as measured by electrode pitch ranking is important for speech perception. Other

research has shown only weak correlations between electrode pitch ranking and speech scores (Nelson,

Van Tasell, Schroder, Soli and Levine, 1995; Collins, Zwolan and Wakefield, 1997), however, all of

these studies used early speech processing strategies that did not encode as much frequency

information as does the SPEAK strategy.

Ponton and Don (1995) investigated MMN in cochlear implant users and normal listeners using click

trains and pure tones as stimuli. They found earler latencies in the CI users, however, the subject

numbers were small in this study (6 CI users and 2 NH subjects). They proposed that earlier MMN

latencies in CI subjects might be caused by greater synchronisation of neural elements due to the

electrical stimulation. In this study the electrode pairs were directly electrically stimulated. Evoked

potential studies in CI subjects have used a mixture of direct electrical stimulation (Giardi, 1985;
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Pelnzone et al., 1989; Shallop et al., 1990; Pekzzone,1993; Ash and Shallop, 1995; Ponton and Don,

1995) and acoustic presentation of stimuli (Kaga et al., l99l; Kraus et al., 1993; Mata et al., 1999).

Similar results have been obtained with the two modes of stimulus presentation.

In a longitudinal study of one subject using a single channel implant, Kaga et al. (1991) found that a

clear P3 response developed to both tone and speech stimuli over a 6 month period. At 3 months the

subject's ability to discriminate the stimuli behaviourally was the same as at 6 months, but the P3

waveforms were much less clearly defined at three months. Using a P3 paradigm and pure tone

stimuli, Jordan and colleagues (Jordan et al., 1997) followed thirteen subjects over 6 months from

initial switch on and found a trend towards shorter Nl latencies over time for the good performers.

They did not report on changes in the P3 response.

Speech phonemes have been used as stimuli for MMN and P3 recordings as a means to understanding

how speech is encoded and neurophysiologically represented in the central auditory system.

Phonemes have great complexity compared with pure tones; they have rapidly varying frequency

components, amplitude variations and are of longer duration then most tonal stimuli. This tends to

evoke responses from broad neuronal populations, and the resultant evoked potential waveforms are

typically broader, less well defined, smaller amplitude responses than those evoked by pure tone

stimuli. However there is growing evidence that the brain, even from infancy, recognises speech

elements and that they may be processed in different areas of the brain than pure tones (Dehaene-

Lambertz, 1997; Naatanen, I-ehtokoski,I-ennes, Cheour, Huotilainen, fivonen, Vainio, Alku,

Ilmoniemi, Luuk, Allik, Sinkkonen and Alho, 1997: Dehaene-Lambertz and Baillet, 1998). This

suggests that the use of phonemes and complex stimuli may produce responses from areas of the brain

that are specific to aspects ofcentral auditory processing ofspeech.
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Kraus and colleagues (Kraus et al., 1993) conducted an early MMN cochlear implant investigation

using speech stimuli in a study of eight "good" and one "poor" adult cochlear implant users. The

speech phonemes "da" vs. o'ta" were used as the standard and deviant stimuli. The MMN measured in

the cochlear implant group was markedly similar to that found in a group of normal hearing control

subjects. Kraus et al. (1993) concluded that, despite phonemes being processed very differently by a

cochlear implant, the results indicated that the brain appeared to process the signals in a comparatively

normal way in the good CI users. There was one "poor" cochlear implant user in the study who could

not discriminate the differences between the phonemes behaviourally and this subject did not have a

recordable MMN to these stimuli. Kraus et al. (1993) also concluded, because of the objective nature

of MMN recordings, that MMN showed great promise as a tool to further investigate the

neurophysiological basis of speech discrimination abilities of cochlear implant users and was suitable

for use with children because of the involuntary nature of the response. Mcco and colleagues (Micco

et al., 1995) also used speech phonemes ("di" vs. "da") as stimuli, and an active listening paradigm,

and found that P3b responses were elcited in a group of "good" CI users that were similar to those of

normal hearing listeners. There was no statistical difference between the groups' P3 latencies and

amplitudes. Micco et al. (1995) suggested that the P3 response may be useful in evaluating the

cognitive aspects of central auditory processing in CI subjects. Like P3, Nl andP? cortical responses

were similar in Iatency between the groups. A significant difference in Nl amplitude was found,

however, with the CI subjects having a smaller response than the normal hearing listeners.

A relationship between the presence of MMN and speech performance was found by Groenen, Snik

and van den Broek (Groenen et al., 1996a) in a study of ten postlingually deafened CI users (3 "good'

and 7 "moderate" performers) using speech phonemes ("ba" vs. "da") as stimuli, with l0 normal

hearing control subjects. Two out of the three "good" users had a significant MMN that was markedly

similar to the normal hearing subjects whereas none of the moderate performers had a measurable

MMN.

65



Kileny, Boerst and Zwolan (1997a\ investigated the relationship between the evoked potential

measures MMN and P3 and speech perception scores using sentence and word tests in a group of 14

CI children with speech ("heed" vs. "who'd") and tonal (1500 vs. 3000 Hz) stimulus contrasts.

Significant correlations were found between MMN latency, P3 latency and amplitude and sentence

scores using the tonalfrequency contrast stimulus. Compared to the latency measures, reduced

correlations were found between MMN and P3 amplitudes and word scores using the frequency

contrast stimulus. Higher speech scores were associated with shorter latencies and greater MMN and

P3 amplitudes. No significant correlations were found between speech scores and evoked potential

measures using the phoneme contrast as the stimulus.

The above review of evoked potential findings in CI subjects demonstrates a wide range in results with

some conflicting findings between studies. There is little consistency across studies in subject

numbers, the paradigms used (type of stimuli, active/passive task) and the number of control subjects.

Despite these differences these studies have shown that characteristics of MMN and P3 evoked

potentials do relate to CI perforrnance, at least in poorer CI subjects.

Frequency Discrimination in Normal Hearing and Hearing Impaired Subjects

The ability to understand normal speech is related to frequency discrimination ability and is also

related to the hearing thresholds (Festen and Plomp, 1983; Dreschler and Plomp, 1985;

Stelrnachowicz, Jesteadt, Gorga and Mott, 1985). Speech is a complex sound made up of rapid

frequency transitions, such as between vowel-consonant and consonant-vowel transitions, noise bursts,

and stop-release aspirations (Liberrnan, Cooper, Shankweiler and Studdert-Kennedy,1967; Blumstein

and Stevens, 1979; Stevens, 1980; Ohde and Stevens, 1983). The speed of frequency changes within

speech ranges from 50 ms (for the noise bursts of fricatives) to 300 ms (the average duration of a

syllable).
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The frequency discrimination of pure tones in normal hearing and hearing impaired subjects is similar

across low and mid frequencies (Moore and Peters, L992). The mean frequency resolution difference

limen (DL) for short duration (200 ms duration), 1000 Hz tones in normal hearing subjects at a

comfortable listening level has been reported to vary between 1.3 Hz (Wier, Jesteadt and Green, 1977)

and 4.8 Hz (Thompson, Cranford and Hoyer, 1999), when measured using a two-alternative forced

choice pyschoacoustic task (I-evitt, l97l). Similar results have been found with shorter duration (50

ms) stimuli (Thompson et al., 1999). The difference in the mean DL between the Wier (1977) and

Thompson (1999) studies may have related to the amount of pre-training on the task, with the earlier

study using more extensive pre-training (Thompson et al,, L999).

Moore and Peters (1992) studied the effects of sensorineural hearing loss on frequency DLs in young

and elderly subjects. Pitch discrimination in both the young and elderly hearing impaired subjects was

slightly poorer than that of age matched control subjects with normal hearing, but there were no clear

differences between the young and elderly normal hearing groups. The poorest DLs for the hearing

impaired groups were measured at 8000 Hz. In the frequency range 500 - 4000 Hz, the mean

frequency DLs for all groups were under 5 Hz.

Thompson and Abel (1992) examined frequency and duration difference limens to 500 Hz and 200H2

tones in three patient groups with left or right temporal lobe lesions or acoustic neuromas. Thompson

and Abel (1992) found that patients with brain lesions in the left temporal lobe had the greatest

frequency difference limens for 2000 Hz stimuli compared with 500 Hz stimuli, and that the DLs were

worse for longer duration (300 ms) than shorter (50 ms) stimuli. Patients with left temporal lobe

lesions had DLs that were up to 40 times greater than the normal hearing control subjects. In this

study they also examined the relationship between speech scores and frequency and duration DI* and

found that, although frequency discrimination was not correlated with speech scores, there was a

tendency towards this. There were insufficient subjects in the study to draw any conclusions however.
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Pre-operative Predictors of Success

Proposed reasons for the variabitity in speech performance seen in CI users include factors such as the

amount of residual hearing, survival of peripheral neural elenpnts, integrity of the central auditory

pathways, cognitive and language skills of the individual, electrode placement, speech reading skills,

aetiology of deafrress, duration of deafrress, age and psychological status. Some researchers have

attempted to predict speech perception performance of CI users from pre-implant pyschoacoustic

measurements such as temporal gap detection and frequency discrimination measures using electrical

stimulation of the promontory or the round window niche in the middle ear. The results from these

studies have been variable, with some researchers finding a positive correlation (Meyer, Drira, Gegu

and Chouard, 1984; Kileny, Zimmerman-Phillips, Kemink and Schmaltz,I99l; Shipp and Nedzelski,

1994; van Dijk, van Olphen, Langereis, Mens, Brokx and Smoorenburg, L999) and others no

relationship (Gantz, Tyler, Knutson, Woodworth, Abbas, McCabe, Hinrichs, Tye-Murray, Lansing,

Kuk and et al., 1988; Parkin, Stewart, Dankowski and Haas, 1989;Blamey, Pyman, Gordon, Clark,

Brown, Dowell and Hollow, 1992). Overall the correlations that have been reported are modest and

promontory stimulation testing has been abandoned by many clinical CI programmes.

Electrophysiological pre-implant measures obtained using electrical stimulation of the promontory

have included the compound action potential, auditory brainstem responses and middle latency

responses (Brown, Abbas and Gantz, 1990; Kileny et al., 1991; Mason, ODonoghue, Gibbin,

Garnham and Jowett, 1997). The identification of these responses objectively confirms the presence of

a stimulatable auditory nerve, brainstem and central auditory pathways to the level of the auditory

cortex respectively. However, these electrophysiological procedures are not widely used in adults as

most implant candidates would normally provide satisfactory behavioural responses to the electrical

stimulus and it is difficult to record electrophysiologicalresponses to promontory stimulation because

of the large amount of electrical stimulus artifact.
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Duration of deafiress has been consistently found in numerous studies to be the most reliable predictor

of implant success. The shorter the duration of deafrress, the higher the speech perception scores

(Blamey et al., 1992;Gantz, Woodworth, Knutson, Abbas and Tyler, 1993; Shipp and Nedzelski,

1994; Shepherd, Hartmann, Heid, Hardie and Klinke, 1997; van Dijk et al., 1999). Shipp and

Nedzelski (1994) also correlated the value of "durage", which they defined as the duration of deaftrcss

divided by the age at implantation, and found this to be a more sensitive predictor of performance than

duration of deafrress. Recently, van Dijk et al. (1999) re-examined the predictors of performance in

post lingually deafened adult CI subjects. They examined the following predictors: age at

implantation, duration of deafiress, residual hearing, pre-operative electrical stimulation, speech

reading, psychological status, aetiology and imaging. Duration of deafrress and residual hearing were

the most important predictors, and to a lessor extent, the pre-operative temporal difference limen from

round window electrical stimulation.

It is apparent from the literature that although it is possible to predict post-operative speech scores with

some confidence, not all the variance in speech perception performance can be explained based on the

pre-implant measures that have been examined. Some of the variability presumably lies in the central

auditory processing ability of each individual. This is evident in the variability of the evoked potential

results of implanted subjects. The present study was undertaken to further examine the central

auditory processing of post lingually deaf adult cochlear implant subjects, using auditory evoked

potentials, speech perception testing and a frequency discrimination task to investigate central auditory

function.
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AIMS

(l) To investigate if the frequency resolution of experienced adult CI subjects measured using a

pyschoacoustic two alternative forced choice procedure is related to speech perception or other subject

characteristics.

(2) To characterise the auditory evoked potentials (MLR, CAEP, MMN, P3a) recorded in experienced

adult CI subjects.

(3) To determine whether auditory evoked potentials recorded in the C[ subjects differ from those in

normal hearing age and gender matched control subjects.

(4) To investigate whether electrophysiological measures are correlated with subject characteristics or

behavioural measures of central auditory function (frequency resolution and speech perception scores).
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MBTHOU

ExpnnrunNTAL Sunmcrs

The University of Auckland Human Subjects Ethics Committe and the North Health Ethics Committee

approved all experiments described in this study.

The experimental group (Table l) were 12 experienced adult cochlear implant (CI) users (mean age

50.3 years, sd 13.7, range 27 -74 years). The implant subjects had a minimum of 1.3 years experience

with their CI (mean 2.9 years, sd I .4, range I.3 - 5 .2 years) and their duration of profound deafrress

prior to receiving the implant ranged from I - 15 years (mean 5.5 years, sd 4.4). All CI subjects used

the Nucleust CI-22M implant developed by Cochlear Limited, with the Spectra 22 body worn

processor and used the SPEAK processing strategy. For the majority (n = 10) of the CI subjects

deafrress was due to congenital progressive causes, and two subjects developed deafrress from

otosclerosis. All CI subjects were post-lingually deafened and had intelligible speech. All subjects

had a complete insertion of the 22 electrode array but three subjects had electrodes that were not

included in their map (the individual settings of each active electrode in the may) because they either

caused facial nerve stimulation or gave unpleasant auditory percepts (Table l). An integrity test of

each implant electrode, averaged electrode voltages (AEVs), was performed to ensure that each

electrode could deliver a balanced biphasic pulse for all CI subjects (see Appendix tI). The threshold

and comfort levels of each implant electrode for all the CI subjects and their frequency allocation table

are shown in Appendix III. Ten subjects were programmed in the bipolar + I (BP+l) mode and two

subjects were programmed in the common ground (CG) mode. Ten subjects were implanted in their

right ear and two were implanted in their left ear. Characteristics of the CI subjects (aetiology of

deafrress, duration of profound deafrress, duration of implant use, mode of stimulation, number of

active electrodes used, and ear of stimulation) are summarised in Table 1.
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Subject Age at

implant
Sex Aetiology Dur

deaf
Dur CI Durage # Elect Mode Ear

I 47 F otosclerosis 2 3.7 0.04 20 bp +l R

2 45 M cg prog 5 1.9 0.11 l4 cg R

J 60 M cg prog 6 1.9 0.r0 20 bp +l R

4 39 F cg prog I 1.7 0.03 20 bp +l L

5 37 F cg prog I 5.2 0.00 20 bp +l R

6 42 F cg prog 2 2.6 0.05 20 bp +l R

7 51 M otosclerosis 7 2.25 0.14 L4 cg R

8 69 M cg prog 2 5.2 0.03 20 bp +l L

9 6l F cg prog 7 1.8 0.11 l6 bp +l R

t0 27 F cg prog 9 4.2 0.33 20 bp +l R

il 52 F cg prog 10 1.3 0.19 20 bp +1 R

t2 74 M cg prog t5 2.9 0.20 20 bp +1 R

Table 1. Details of the CI subjects showing age (years), duration of profound deafrress (years), duration

of implantation (years), durage (duration of profound deafrress/age), number of active electrodes (#

Elect), stimulation mode (Mode) (Bipolar + I or Common Ground) and ear of implantation.

Nonnrel HBlnrxc SunJncrs

Twelve age matched (to within * I year of the CI subject, mean 50.2 years, sd 13.9) and sex matched

subjects were used as normal hearing (N[I) control subjects for the evoked potential section of this

study. The test ear used for the AEP recordings was the same as the implanted side of the matched CI

subject. The age, test ear and test ear pure tone thresholds of the NH subjects are listed in Table 2. All

of the NH control subjects had hearing thresholds (dB HL) that were appropriate for their age, no

subjects used hearing aids (Table 2). Three of the older male subjects (subject numbers 3, 8 and 12)

had a mild or moderate high frequency sensorineural hearing loss.
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Hearing Thresholds (dB HL)

NH Subjecl Ear Sex Age 250H2 500 Hz l kHz 2ktlz 4t<r'a. 6 kHz

I R F 46 20 15 l5 l5 l5 5

2 R M 45 10 t0 5 5 5 0

J R M 60 ) 5 l0 t0 30 35

4 L F 40 r0 l0 5 5 l0 l0

) R F 37 5 ) f 10 l5 25

6 R F 4L 5 ) 5 5 5 0

7 R M 51 l5 20 20 10 5 0

8 L M 70 15 l0 l0 5 20 35

9 R F 61 10 10 l5 t0 l5 20

10 R F 26 5 5 5 r0 5 l0

1l R F 52 l0 10 l0 l0 t0 l5

t2 R M 73 20 25 20 40 55 65

mean 50.17 10.83 10.83 r0.42 tt.25 15.83 18.33

sd 13.89 5.s7 6.34 5.82 9.56 14.43 19.35

Table 2. Details of the normal hearing (NH) group showing their ear of stimulation, sex, age (years) and

pure tone thresholds (dB HL) in the test ear at audiometric frequencies from 250H2 to 6 kHz.

Sound Field Audiogram

Mean sound field audiometric thresholds (dB HL) for the CI group are listed in Table 3 and shown in

Figure 8. The average spectrum for speech (American National Standards Institute, 1997) at a normal

conversational level is also displayed on the audiogram in Figure 8. This comparison of individual

thresholds to the speech spectrum shows that all CI subjects had thresholds that enabled them to detect
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the frequencies of speech satisfactorily. For comparison, the pure tone thresholds of the test ear of the

NH subjects are also shown in Figure g.

Sound Field Thresholds (dB HI.1

CI Subject 250 Hz 500 Hz l kHz 2kGlz 4l<Ilz 6 kHz

I 35 35 35 35 35 30

2 40 35 40 35 35 60

3 30 35 35 30 40 45

4 50 50 40 40 45 30

5 45 45 40 40 40 30

6 50 45 40 40 40 45

7 45 45 30 35 30 45

8 45 45 40 35 40 30

9 55 45 35 30 N 50

l0 40 45 50 45 50 45

ll 55 55 40 35 35 40

t2 )) 50 45 40 40 35

mean 44.55 43. l8 39.09 36.82 39.55 40.45

sd 7.89 s.60 5.39 4.62 5)) l0.lr

Table 3' Individual sound field pure tone thresholds (dB HL), and mean and standard deviations (sd) for
the cochlear implant (CI) subjects (n - 12) ataudiometric frequencies 250 Hz to 6 kHz.
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Figure 8' (a) Range of sound field pure tone thresholds (dBHL) as a function of frrequency (Irz) for the
cI subjects, and (b) range of p-ure tone thresholds for the test ear of the NH subjects. The average speech
spectrum (solid shaded area) is disprayed on both audiograms.

Tbsr PnocsouRE

The cI subjects underwent three different t)?es of test procedure to assess their central auditory

processing abilities using behavioural and objective r*asures.
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The behavioural tests were: (1) a pyschoacoustic task to measure frequency discrimination using a

1000 Hz tone, and (2) auditory alone speech perception performance using word and sentence

materials.

The objective procedures were three auditory evoked potential measures: (l) the middle latency

response (Ntr-R) to a tonal stimulus, (2) the obligatory cortical Pl-Nl-p2 responses to three pure tone

frequencies, and (3) the event related responses, mismatch negativity (MMN) and p3a recorded

passively to a frequency difference. The NH subjects underwent the auditory evoked potential test

battery only.

Trsr Enunor,uvrpnr

Speech perception and evoked potential testing were conducted in a double-walled sound proof booth

(Eckel Industries of Canada Ltd, model C-26). Ambient noise levels complied with the ANSI s3.l
(1991) standard for audiometric test roonn. Frequency discrimination testing was conducted in a quiet

room' For the normal hearing subjects pure tone audiometry was conducted in a custom-built double-

walled sound treated booth using an audiometer (Grason stadler, Inc. GSI 16) and an insert earphone

(E-A-R TonerM 3A).

BBTnwoURAL TESTs

Frequency Discrimination

A two alternative, forced choice procedure was used to measure the frequency difference limens @L)
of the cI subjects to a 1000 FIz tone (60 ms overall duration linearly gated with a 20 ms rise and fall

time)' The subjects' task was to discriminate the higher pitched of two randomised pure tones, the

standard 1000 Hz tone and a comparison tone that had an upper frequency limit of 3000 IIz. A

76



descending procedure was used with an initial step size of 200 Hz and a final step size of 20 Hz that

was selected after three reversals. The run was terminated after eight reversals of the small step size.

The mean of these last eight reversals was used to calculate the frequency difference lirnen. Verbal

feedback was given to the subjects to identify correct or incorrect responses.

The stimuli were delivered acoustically to the CI subjects through a loudspeaker (wharfedale

International Ltd, Modus one' power handling l00w) that was placed 50 cm from their implant side at

ear level and at 90 degrees azimuth. Stimuli were generated by a personal computer (pentium 133

MHz) via a D/A board (16 bit) using Tucker-Davis Technologies (TDT) software SigGen@ version 1.3

and PyschoSig@ version 1.3. The stimuli were delivered to the loudspeaker via TDT hardware after

passing through a TDT FIB6 headphone buffer.

The sound pressure levels (peak to peak equivalent dB sPL) of the stimuli were calibrated in the sound

fiefd at ear level, 50 cm from the loudspeaker using a sound level meter (Bruet and Kjaer, Type 2255)

and a half inch condenser microphone (Bruel and Kjaer, Type 4176). All stimuli were presented at g5

dB ppesPl-. This level was perceived by the cI subjects as comfortably loud.

Spnrcn hncnptlon

speech perception was evaluated using HINTo sentence lists (Nilsson, soli and sullivan, lgg4) and

cNC word hsts (Peterson and Lehiste, 1962) which were re-recorded onto a video cassette using a

male New 7'ealand speaker. The speech materials were delivered auditory alone. The video was

played through a video TV (SHARP Corporation @ model VT-342SX) and the audio signal was

amplified by an amplifier (AUDIOTELEX IC30) and then delivered through a loudspeaker

(wharfedale International Ltd, Modus one, power handling lOolv) placed at ear level 50 cm from the
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implant side of the subject at 90 degrees azimuth. The presentation level was 70 dB SpL (linear

weighting).

The tests comprised the first two lO-word HINT@ sentence lists (after the delivery of an initial practice

list to familiarise subjects with the style of the marerial) and the first cNC word list from the speech

test battery' Four separate percentage scores were recorded, the average score from the two sentence

lists, the phonemic and whole word score from the cNC word list and a composite speech score that

was formed from the average of the three separate speech scores.

Aunnony EvoxBn porsvnA,l Rpconnnrcs

Test Ear

For all the AEP recordings the implant side was designated the "ipsilateral" side. The NH control

subjects were stimulated in the same ear as their matched cI subject. only two cI subjects (cI subject

number 4 and 8) had left sided implants therefore two of the NH subjects were simulated in the left ear

(NH subject number 4 and g).

AEP Instrumentation

The Neuroscan, Inc sTIIvrrM (version 3.1 software) system was used to generate the stimuli using the

sound@ (version 3'2) software which were delivered acoustically to all subjects. For the mismatch

negativity recordings, Gentask@ (version 2.3 software) was used to generate the pseudo-random

stimulus sequence file. A loudspeaker (Wharfedale International Ltd, Modus one) placed at ear level

50 cm from the implant side of the subject at 90 degrees azimuth was used for the cI subjects. For the

NH subjects an insert earphone (E-A-R TonerM 3A) was placed in the same ear as the matched CI

subject.
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All AEP stimuli were calibrated according to IEC 645-3 (lgg4). The ronal srimuli were calibrated in

dB peak to peak equivalent (ppe) sPL. stimulus parameters for the rhree types of auditory evoked

potentials (Afel are listed in Table 4.

Table 4' Details of the stimuli used for the AEP (auditory evoked potenrial recordings), showing their
duration (ms), rise and fall / ramp times (ms), frequency (Hz) and rate (ms) or ISI (inter-stimulus
interval, ms).

The Neuroscan, Inc scAlvrM version 3.0 interfaced with a Grasso Model l2 Neurodata Acquisition

system, housing a set of eight Grass@ Model l2A5 amplifiers, was used for recording evoked

potentials' custom built radio-frequency filters were placed on the front end of each Grass@ amplifier

to remove the artifact caused by the radio frequency carrier signal of the Nucleus cl-zzMcochlear

implant' The design of the filters was modified from that of Game and Sanli (lggl)in order to

improve the rejection of the radio frequency carrier signal. To calibrate the amplifiers, calibration

pulses (50 and 75 pv) from the Grass amplfiers were fed through the radio frequency filters into the

amplifiers and acquired by the SCAN computer. By passing the pulse through the filters this

accounted for any attenuation within the AEP frequency range by the radio frequency filters. The

frequency response of the filters is shown in Appendix I.

Frequency (Hz) Rate (/s) or
ISI (ms)

250, 1000,4000

MMN and P3a Frequent = 1000

Small deviant = 1250

Large deviant = 1500
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AEP Procedure

Au AEP testing was conducted within one session in the following order: mismatch negativity was

recorded initially to ensure the subjects were in an alert state, followed by the MLR recordings and

finally the cortical recordings. Silver-silver chloride electrodes (10 mm cup) were used for the

recordings' Smaller electrodes (4 mm cup) were used to monitor eyeblinks. Impedances were kept

below 3 kohms. Electrodes were attached to the scalp using conductive paste @lefix EEG paste,

Nihon Kohden Corporation) after the skin was prepared with abrasive skin gel (Nuprepffi,

D'o'Weaver and Co'). Electrode placement was undertaken according to the 10-20 system (Jasper,

les8).

subjects were comfortably seated in a reclining chair and watched silent sub-titled videos throughout

the AEP recording session. They were encouraged to remain alert and to stay awake. prior to the

recording session the subject's listening levels ("loud, but oK") to the AEp stimuli were set using the

Independent Hearing Aid Fitting Forum (IHAFD conrour Test 7 point rating scale (Valente and van

Vliet, 1997). Presentation levels for each CI subject were determined on the basis of the dynamic

range of each implant electrode. kvels were adjusted to lie in the upper portion of their dynamic

range but not high enough that the automatic gain control of the speech processor compressed the

signal' For the mismatch negativity stimuli the levels for the deviant stimuli were set to the same dB

sPL as the frequent stimuli. The frequencies selected were always on separate implant electrodes for

each cI subject (see Appendix tII). The presentation levels of the AEp stimuli for the cI and NH

subjects are listed in Table 5.
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Presentation Level dB ppeSpl

CI
subject

250 Hz I kHz 4 kHz MLR
500 Hz

I\H
subject

250 Hz l kHz 4l<Ilz MLR
500 Hz

I 99 r04 109 r02 I 94 86 9l 90

2 99 103 108 102 2 94 86 9l 90

3 97 t0l 106 103 3 95 88 93 93

4 99 102 r07 99 4 97 89 94 87

) 99 r03 108 96 5 96 88 93 86

6 99 103 108 9l 6 84 79 84 89

7 99 103 108 t02 7 92 85 89 86

8 96 97 t02 97 8 99 89 94 99

9 99 r02 107 l0l 9 86 85 90 88

l0 99 108 ll3 t02 t0 94 88 93 9l

ll 99 t02 r07 105 ll 86 79 84 86

l2 99 102 107 103 t2 97 88 83 93

mean 98.58 102.50 107.50 100.25 mean 92.83 85.83 89.92 89.83

sd 1.00 2.47 2.47 3.89 sd 4.90 3.49 4.08 3.83

Table 5' Presentation levels (dB ppesPl-) of the srimuli used for the cAEp and MMN recordings (250
Hz, r krrz and 4 kHz) and for the MLR recordings (MLR 500 Hz) for the cI (cI subjects | - l2)and NH
(NH subjects I -12) subiects.

Response ldentifi cation

All waveforns were viewed offline and responses judged as present or absent by two persons

experienced in recording and measuring MLR, cortical and MMN auditory evoked potentials.
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Middle Latency Response - stimulus and Recording pammeterc

The stimuli were 500 Hz tone bursts (60 ms total duration linearly gated, 5 ms rise and fall) presented

at a slow rate of 1.l/s in order to maximise the occurrence of the Pb wave (Nelson, Hall and Jacobson,

1997). Non-inverting electrodes were placed atFz, Cz, C3,and C4. These were referenced to the

contralateral earlobe and to the second cervical vertebra (Cv2) at the nape of the neck to investigate if
there were any latency, amplitude or morphological effects caused by the choice of reference electrode

site' The contralateral earlobe was chosen as the reference electrode site for the Fz and Cz recordings

to reduce the possibility of any stimulus artifact from the cochlear implant affecting the results. For

the C3 and C4 recordings the reference electrode was placed on the same side of the scalp to

investigate hemispheric differences, i.e. C3 was referenced to Al and C4 was referenced to 42. Two

recordings were made to examine the replicabitty of the response with a minimum of 250 sweeps in

each recording up to a maximum of 500 sweeps. Responses were amplified (gain 50,000), analog

filtered (3 - 300 Hz,6 dB/octave) and post hoc digitally low pass filtered at 200 IIz (l1dB/octave) to

aid in peak identification. The artifact reject level was set at + 50 trlv. Responses were sampled at

2o48Hz' An 80 ms time window including a 3 ms pre-stimulus base-line was used. The two MLR

replications were averaged together and latency and baseline-to-peak amplitude values for the

characteristic MLR peaks, Na, Pa, Nb and Pb, were picked from the average waveform by two

experienced observers.

cofiical PI-NI-PT Responses - stimulus and Recording parameters

Three separate frequencies were used (250H?.,1 kHz, and 4 kHz) with 100 stimuli in each run. All

stimuli were 60 ms total duration (linearly gated with 20 ms rise and fall) and presented at a rate of

I ' l/s' Non-inverting electrodes were placed at Fz, Cz, C3, and C4. Fz and Cz werereferenced to the

contralateral earlobe and C3 and C4 were referenced to Al and A2, as in the MLR recordings.

Responses were amplified (gain 50,000), analog filtered (1 - 100 Hz,6dBloctave) and post hoc

digitally low pass filtered at 30 Hz (12 dB/octave). Artifact rejecr levels were set ar + 50 ,rv.
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Responses were sampled at 2048/s. The recording window was 400 ms in duration including a 100 ms

pre-stimulus baseline. For each stimulus frequency two recordings were made to assess the

replicability of the response' These recordings were then averaged together and latency and basetne-

to-peak amplitude values of the characteristic cortical peaks, Pl, Nl and p2, were identified from this

averaged waveform by two experienced observers.

Mismatch Negativity and p3a - stimulus and Recording pararneters

An oddball paradigm was used to present the stimuli. The frequent stimulus (802o probability) was a

1000 Hz tone burst (60 ms total duration linearly gated, 20 ms rise and fall). The infrequent stimuli

(probability of lUVo each) were tone bursts at 1250 Hz and 1500 Hz (60 ms total duration linearly

gated, 20 ms rise and fall). There were 1000 stimulus presentations in a pseudo-random order. The

fnst twenty stimulus presentations were all frequent stimuli in order to build a strong memory trace of
this stimulus (schroger, 1998). There was a minimum of three standard stimuli between each deviant

stimulus' A constant inter-stimulus interval of 600 ms was used. A 500 ms recording time window

was used that included a 100 ms pre-stimulus baseline. Responses were amplified (gain 50,000),

analog filtered (0.1-100 Hz, 6 dB/octave) and sample d at 2048 FIz. Responses were collected as raw

EEG data for later off-line analysis.

Non-inverting electrodes were placed at the midline sites Fz, cz,pz,and laterally at F3, F4, c3, and

C4' All of these electrodes were referenced to the earlobe contralateral to the implant side. The nose

has been used as a reference site for MMN recordings by many authors (Naatanen, 1992;Alain and

Woods, 1997; McGee, Kraus and Nicol, 1997;Schroger, 1998). one of the advantages of using the

nose as a reference is that the polarity of the MMN may reverse at the mastoids, aiding in response

identification' In the present study however, there were insufficient amplifier channels available to use

the mastoids for this purpose. In addition, the MMN recorded with the nose as a reference may be of
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smaller amplitude and this can make it necessary to re-reference the data to an earlobe or mastoid

(Schroger, 1998). other drawbacks of the nose reference electrode site are that it is relatively invasive

to place an electrode on the nose and this site can be affected by electro-ocular activity (Lang et al.,

1995)' Familiarity with the appetuance of MMN and its reversal in polarity at the mastoids was gained

during preliminary data collection that used the nose as a reference site.

Eyeblink activity was monitored in one recording channel by the placement of electrodes (4 mm cup)

at the lateral canthus and below the eye. The artifact reject level was set at t 75 1ty for the other

channels, with no on-line artifact rejection for the eyebtink channel.

off-line analysis was performed on the raw MMN EEG data. The following routines were applied to

each sweep: linear detrend to remove any d.c. component in the wave form, baseline correction using

the 100 ms pre-stimulus baseline, artifact rejection at +75 pv, digital low-pass filtering (3oltz,lz
dBloctave), sorting and averaging into three averaged files (frequent, small deviant, and large deviant).

Difference waveforms were created by subtracting the frequent response from each of the deviant

responses' MMN was judged to be present if there was an area of negativity present that occurred on

the deviant waveform caused by the deviant waveform crossing the frequent waveform at a latency no

earlier than the latency of the Nl cortical peak for the individualsubject. The presence of MMN was

confirmed by examination of the subtracted (deviant - standard) waveform that was required to have a

negativity present in the same region as was seen in the deviant waveform. All wave amplitudes were

measured on the difference waveform. MMN area was calculated from the difference waveform using

the area calculation from the PEAK menu in the Neuroscan EDIT@ software. MMN onset, offset, and

peak latencies were picked from the deviant waveform. P3a latency and amplitude were picked from

the deviant waveforms when P3a was present. P3a was judged as present if there was a positive

waveform present that occurred later than N2 in the deviant waveform that was not present in the

frequent waveform.
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Sr^rrtsrrcu, MnrHons

Prior to analysis all data (latency, amplitude and area measurenrents for the AEp data, speech

perception scores and pyschophysical data) were examined using programmes from SpSS@for

Windows version 8 to determine whether the data was suitable for mulitvariate analysis. The

following tests were perfornnd: the Kolmogorov-Smirnov and Shapiro-Wilks tests for normality and

Levene's test for equality of variances. The data were also inspected to assess for skewness, kurtosis

and outliers. The assumptions regarding normality of sampling distributions, homogeneity of

variance, linearity and multicollinearity were rnet. There were no missing data points for the MLR and

cortical data' For the MMN and P3a data there were unequal subject numbers in the analyses because

of the lack of an identifiable response for some subjects. For all of the multivariate comparisons a

Bonferroni adjustment of the alpha levels was made to correct for possibly inflated tlpe I effors due to

multiple comparisons (Tabachnick and Fidell, 1996). For all analyses p values less than or equal to .05

were treated as statistically significant.
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Rnsur,rs

This section begins with an examination of the behavioural findings in the CI group, followed by the

results of the electrophysiological investigation of the CI and NH groups, and then examines the

relationship between the behavioural and objective electrophysiological results of the CI group.

BnHl,vtounal Rnsulrs

Speech Perception

The mean speech perception scores of the CI group were 69.ZVo for HINT sentences (sd = 32.3),

60.83Vo for CNC phonemes (sd = 18.8), and37.OVo for CNC words (sd = 21.5). A nrean composite

score of 55.7Vo was obtained averaging the sentence, phonemes and word scores (sd = 23.7). As

shown in Figure 9 the CI subjects clearly separate into two gtoups based on their speech perception

scores. On the basis of this, eight subjects who had scores greater than 85Vo on HINT sentences, over

6O7o for CNC phonemes and over 35Vo for CNC whole words were classified as "better" users. The

other four subjects were classified as "poorer" users with scores less then 40Vo for CNC words and

HINT sentences. Figure 9 shows that the better CI group all had the same trend for the speech

materials, with the highest speech recognition scores for the sentence material, followed by the

phoneme scores and lastly the whole word scores. In contrast the poorer group all achieved their best

scores for the phoneme material. The poorer subjects all found the speech testing very difficult since

the testing was performed auditory alone without access to visual cues. All these subjects relied

heavily on speech reading in their everyday lives. For the CNC word testing all subjects were

instructed to repeat any parts of the word they heard, even if they could not understand the complete

word. All subjects found the vowel or "nucleus," low frequency, middle section of the word easier to

detect (mean for better CI group = 83.1Vo, sd = 3.2 versus mean for poorer CI group = 54.57o, sd=

13.5) than the higher frequency initial and final consonants (mean for better CI group = 67.0Vo, sd=

8.8 versus mean for poorer CI group = 29.5Vo, sd = 10.8).
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on the basis of these findings the cI group was separated into two groups, eight better users (subjects

I - 8) and four poorer users (subjects 9 - l2).

The trend for poorer subjects to have been profoundly deaf for longer prior to inplantation is evident

when Figures 9 and l0 are compared. The mean duration of profound deafrress for the better group

was 3'l years (sd = 2.5 years) and the rean duration of implant use was 3.1 years (sd = 1.5 years).

The mean duration of profound deafrress for the poorer CI group was 10.3 years (sd = 3.4 years) and

mean duration of implant use was 2.6 years (sd = 1.3 years).

Figune 9' Individual speech recognition scores (Vo conect) for HINT sentences and CNC words (word
and phoneme scores) rank ordered from best to worst sentence score for the l2CI subjects. The subjects
can be divided into 8 "better" (> 85vo) users (subjects I - 8) and 4 "poorer" (< ovo)users (subjects 9 -
12) based on their HINT sentence scores.
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Figure 10' Duration of profound deafness and duration of cochlear implant use for the IZCI subjects
rank ordered on the basis of their HINT sentence scores from best (subject l) to worst (subject 12)
scores.

SouNo Frsro Auptocnanr

Mean sound field audiometric thresholds (dB HL) for the two CI groups are displayed in Table 6. An

independent-samples t test was performed to investigate whether the differences in performance

observed for the speech recognition testing may have been caused by differences in the sound field

pure-tone audiograms of the two groups. The hearing thresholds of the better and poorer cI subjects

did not differ significantly tt(10) = -2.llg, p = 0.0601.
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Frequency (Hz)

Sound Field Thresholds (dB HL)

Poorer CI Better CI

250 sl.3 (7.s) 42.s (7.r)

500 48.8 (4.8) 4l.e (s.e)

1000 42.s (6.s) 37.s (3.8)

2000 37.s (6.s) 36.3 (3.5)

4000 4r.3 (6.3) 38.1 (4.6)

6000 42.s (6.5) 3e.4 (rr.2)

Table 6. Mean sound field pure-tone thresholds (dB HL) of the better (n = g) and poorer (n = 4) CI
groups at the audiometric frequencies 250 Hz, 500 IIz, 1,2, 4, and6 kIIz. Standard deviations are in
parentheses.

Frequency Discrimination

The implant subjects' frequency difference limens (DL) for a 1000 Hz tone were extremely variable

(see Figure l1), ranging from 28 to 1950 Hz (mean = 225 Hz, sd = 545 Hz). This large variability was

essentially due to one of the poorer CI subjects (subject l0) who had extremely poor frequency

discrimination @L = 1950 FIz). This subject also had very poor speech discrimination (see Figure 9)

and speech production. If this subject is treated as an outlier and the analysis re-run excluding this

data point, the mean difference limen drops to 69 Hz(sd = 52 FIz). There was not a clear trend for the

four poorer users to have large difference limens, however. Although two of the four poorer Cl

subjects (subjects l0 and 12) had the worst DLs (1950 Hz and z03rrzrespectivety) of the cI group,

the other two poorer users (subjects 9 and I l) had DLs that were similar or better (43 Hz 
',d2g 

IIz
respectively) than those of the better CI subiects.
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Figure 11. Frequency difference limens @L) for the 12 CI subjects rank ordered on the basis of their

HINT sentence scores from best (subject 1) to worst (subject 12) scores.
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Auutonv Evonnn Portnrur,s

The individualprerentation levels of ths aooustic stimutl f,or the tbree ABP paradigtns sx€ lisred in

Tahles ? (CI group) and 8 (NH gg-oup). The levels wero ehosen by eaeh subject as being "loud but

csrnfbrtab-le', pofu 5 on the seven point IHAFF lsudnes* rating scale (Valenrc and Van VJiet, 199fl.

For the Miltt{ paradigm the levels for the two deviant sti@rl (1250 and 1500 IIz) werc set to the sarc

SFL as the frequent 1000 Hz tone..
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cI subject dB ppeSPL Presentation Levers for the AEp stimuli

CI Subject 250H2 Cortical I Hz Cortical
and MMN

4l<Ilz Cortical 500 Hz MLR

I 99 104 84 102
.)

99 103 90 r02

J 97 t0l 79 103

4 99 r02 9l 99

) 99 103 89 96

6 99 103 87 9l

7 99 103 88 r02

8 96 97 82 97

9 99 102 80 l0l
l0 99 108 9l r02

ll 99 ro2 72 105

T2 99 r02 89 103

mean 98.58 102.50 85. l7 100.25

sd 1.00 2.47 5.89 3.89

Table 7' Individual dB ppeSPL levels for the AEP stimuli for the CI subjects (n = 12) and the rneans
and standard deviations (sd).
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NII Subject dB ppeSPL Presentation l,evels for the AEP Stimuli

NH Subject 250H2 Cortical I Hz Cortical
and MMN

4kllz Cortical 500 Hz MLR

I 94 86 72 90

2 94 86 72 90

-J 95 88 77 93

4 97 89 69 87

96 88 69 86

6 84 79 70 89

7 92 85 67 86

8 99 89 80 99

9 86 85 73 88

10 94 88 75 9t

l1 86 79 66 86

t2 97 88 82 93

Mean 92.83 85.83 72.67 89.83

sd 4.90 3.49 5.02 3.83

Table 8. Individual dB ppeSPL levels for the AEP stimuli for the NH subjects (n = 12) and nrcans and

standard deviations (sd).

Middle Latency Response

The initial analysis of the MLR data involved identification of the latencies and amplitudes of the

typical MLR peaks, Na, Pa, Nb and Pb, for the eight electrode montages (Fz-contralateral ear,Fz-Cv2,

Cz-contralateral ear, Cz-CvZ, C3-A1, C3-Cv2, C4-A2,C4-Cv2). Since ten of the twelve CI subjects

had right sided implants the contralateral electrode was on the left earlobe in most cases. The C3 and
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C4 sites were used to investigate any hemispheric differences between the CI and NH groups. The

mean latency and amplitude data and standard deviations for each of the eight montages are listed in

Tables 9 and 10. The grand rnean waveforms for the CI and NH groups for the eight electrode

montages are illustrated in Figure 12. There is a general hend across all eight montages for Na

amplitude to be more positive for the NH group and for Pb amplitude to be grcater and Pb morphology

to be more clearly defined in the CI group. Response morphology is similar for the neck (CV2) and

earlobe (conEalateral Al or A2) reference electrode sites.

A
.64 pv 

I+
l8 ms

Figure 12. Grand nrean MLR waveforms (n = 12 per group) for the CI (geen) and NH (black) goups

for the eight elecnode montages. Vertical scale bar is in microvolts; horizontal scale bar is in

milliseconds.

Time (ms)
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Electrode Montage

Wave Group Cz-
contra

Cz-
Cv2

Fz-
contra

Fz-Cv2 C3.AT c3-
CvZ

c4-42 c4-
CvZ

Na
(ms)

NH 2r.86
(2.8e)

22.36
(2.08)

2r.79
(3.01)

22.47
(r.e6)

22.22
(2.77)

22.52
(2.47)

22.25
(2.e7)

22.9r
(2.4s)

CI 2r.56
(2.e1)

2r.76
(3.48)

2r.60
(3.14)

2t.93
(3.3e)

21.67
(3.27)

zto.95
(4.0e)

22.r9
(3.38)

22.46
(3.56)

Pa
(ms)

NH 33.49
(2.r7)

33.27
(3.38)

32.55
(2.e3)

33.10
(3.16)

32.18
(2.e8)

32.53
(3.35)

3t.44
(4.57)

32.22
(3.s6)

CI 3l.l I
(4.r7)

30.61
(3.s6)

30.88
(3.8e)

31.30
(3.e8)

3t.64
(s.04)

30J1
(4.61)

31.31
(3.30)

3r.69
(4.46)

Nb
(ms)

NH 45.86
(s.s6)

45.71
(5.78)

44.06
(7.1e)

44.35
(4.84)

44.2r
(6.s7)

43.6r
(6.70)

4r.69
(6.38)

43.34
(6.s1)

CI 4.O2
(s.85)

41,24
(7.4s)

40.79
(5.s4)

40.2r
(s.60)

40.60
(s.40)

39.40
(s.45)

39.82
(s.s0)

40.23
(6.22)

Pb
(ms)

NH 56.79
(6.28)

56.41
(s.s0)

54.62
(6.1l)

55.14
(5.7s)

53.29
(4.80)

53.15
(4.73)

53.22
(6.00)

54.35
(s.24)

CI 55.50
(s.81)

s4.88
(s.70)

54.32
(6.l l)

53.1 I
(s.60)

54.51
(6.60)

53.14
(s.77)

54.68
(6.07)

54,23
(6.43)

Table 9. Mean MLR latencies (ms) for waves Na, Pa, Nb and Pb for the NH and CI groups at the eight

MLR electrode montages. Standard deviations are in parentheses.
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Electrode Montage

Wave Group Fz-
contra

Fz-CvZ Cz-
contra

Cz-
Cv2

c3-Ar c3-
Cv2

C4.42 c4-
Cv2

Na

0.rv)

NH -0.03
(0.s2)

0.M
(0.48)

0.10
(0.s3)

0.20
(0.46)

0.08
(0.48)

0. l5
(0.43)

-0.08
(0.s4)

0.04
(0.ss)

CI -0.27
(0.32)

-o.25
(0.40)

0.02
(0.40)

-0.18
(0.44)

-0.39
(0.33)

-0.31
(0.s1)

-0.14
(0.44)

-0.30
(0.43)

Pa

0lv)
NH 1.19

(0.se)
r.2r

(0.70)
1.26

(0.s8)
r.32

(0.67)
1.16

(0.s2)
1.18

(0.s8)
0.90

(0.s1)
I.2T

(0.6s)

CI 0.56
(0.s2)

0.78
(0.4e)

0.67
(0.s3)

0.94
(0.s2)

0.83
(0.78)

0.98
(0.63)

0.76
(0.62)

0.81
(0.57)

Nb

0rv)
NH -0.07

(0.64)
-0.08
(0.63)

0.00
(0.73)

0.03
(0.73)

0.19
(0.71)

0.1I
(0.67)

-0.08
(0.s4)

0.09
(0.4e)

CI -0.29
(0.e2)

-0.19
(0.e3)

-0.11
(0.e6)

0.08
(0.e1)

-0.21
(0.88)

-0.0r
(0.e8)

-0.06
(0.76)

-0.04
(0.70)

Pb

0.rv)

NH 0.40
(0.83)

0.41
(0.7e)

0.48
(0.84)

0.53
(0.84)

0.56
(0.8e)

0.50
(0.82)

0.54
(0.31)

0.59
(0.7s)

CI 0.71
(0.s7)

0.66
(0.75)

o.12
(0.43)

0.74
(0.se)

1.04
(0.46)

1.03
(0.68)

0.88
(0.31)

0.88
(0.43)

Table 10. Mean MLR amplitudes (pV) for waves Na, Pa, Nb and Pb for the NH and CI groups at the

eight MLR electrode montages. Standard deviations are in parentheses'

A repeated measures ANOVA with the eight electrode montages as the repeated variable and group as

the between subjects variable was performed to investigate the influence of subject group and

electrode site on the amplitudes and latencies of peaks Na, Pa, Nb and Pb. This analysis showed no

main effect of group on the MLR but there were significant electrode montage effects for Na

amplitude [F(7,16) = 13.262,p <0.001], Pa amplitude [F(7,16) = 3.178, p = 0.026] and Pb latency

[F(7,16) = 3.34I, p = 0.022]. The mean amplitude and latency values at each montage for these

significant montage results are listed in Table 11. Post hoc contrast testing was performed to

determine the nature of the montage effects on Na and Pa amplitude and Pb latency. The significant
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post hoc contrasts for electrode montage are listed in Tables LZ - 16. Significant electrode montage

effects are discussed separately for each MLR wave'

Electrode Montage

Wave Fz-
contra

Fz-
Cv2

Cz-
contra

Cz-
Cv2

c3-Al c3-
Cv2

C4.42 c4-
CvZ

Na amp
(trv)

-0.15
(0.44)

-0.1I
(0.46)

0.06
(0.46)

0.01
(0.48)

-0.16
(0.47)

-0.08
(0.s2)

-0.1r
(0.48)

-0.13
(0.s1)

Pa amp

0.rv)

0.87
(0.63)

1.00
(0.63)

0.96
(0.62)

t. l3
(0.62)

0.99
(0.67)

1.08
(0.60)

0.83
(0.s6)

l.0l
(0.63)

Pb lat
(ms)

56.15
(s.e6)

55.64
(5.s4)

54.47
(6.28)

54.r3
(s.6s)

54.90
(5.68)

53.15
(5.16)

53.95
(s.es)

54.29
(s.74)

Table 11. Mean MLR latency (ms) and amplitude (pv) values from the significant repeated measures

ANOVA showing a main effect of montage. Standard deviations are in parentheses

Na Amplitude

Na amplitude was slightly positive at Cz for both the reference electrode sites (contralateral earlobe

and cv2) and negative for the six other electrode sites. The cz results were significantly different

from the C3-Al, C3-CvZ and Fz-contra electrode sites (Table 12).
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Montage contrast p

Cz-contra v Fz-contra 0.011

Cz-CvZ v Fz-contra 0.007

Cz-contra v C3-Al 0.004

Cz-CvZ v C3-Al 0.004

Cz-contra v C3-Cv2 0.003

Cz-CvZ v C3-Cv2 <0.001

Table 12. Significant electrode montage post hoc contrasts for Na amplitude.

There was a significant montage by group interaction for Na amplitude [F(7,16) = 2.625, p = 0'050]'

This interaction is illustrated in Figure 13, which shows a strong trend for Na amplitude to be of a

greater amplitude overall and more negative for the CI group, compared with the NH group' with Na at

the C3 electrode montages being the most negative. For the NH group Na amplitudes were similar

across electrode montages. For the CI group Na amplitude varied more across montages and was

larger at C3.
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Figure 13. Na amp[tudes for the NH (striped) and CI (solid) groups as a function of electrode montage'

Error bars show standard errors of the mean.

The significant electrode montage by group interaction was largely as a result of the larger Na

amplitudes at the C3 electrode montage for the CI group, as shown by the significant post hoc

conrrasts in Table 13. The change in Na amplitude for the NH and CI groups at C4 for the earlobe

versus neck reference electrodes also contributed to the interaction effect' The CI group had

consistently negative Na amplitudes for the neck reference electrode'
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Montage contrast p

C3-Al v Cz-contra 0.008

C3-Al v C4-Cv2 0.006

C3-Al v C4-42 0.002

C3-Cv2 v C4-M 0.005

C4-M v Cz-CvZ 0.0r8

C4-AZ v C4-Cv2 0.006

Table 13. Significant electrode montage by group contrasts for Na amplitude'

Pa Amplitude

There were rnany statistically significant Pa electrode montage contrasts (see Table 14), because of the

great variability in amplitudes across the electrode sites. Pa amplitudes were greatest at Cz-Cv2 (npan

= l.13 pV, sd = 0.62) and smallest at C4-A2 (mean = 0.83 p,V, sd - 0.56). The Cv2 elecfiode

reference sites always produced greater Pa amplitudes than the earlobe electrode reference sites'
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Cz-Cv2 v Fz-CvZ

C4-A2 v C4-Cv2

Table 14. Significant electrode montage contrast$ for Pa amplitude.

As was seen for Na amplitude, there was a significant electrode montage by group interaction for Pa

amplitude [F(7,16) = Z.7O6,p = 0.047]. The significant post hoc contrasts for this interaction are

displayed in Table 15. Figure 14 shows the Pa amplitudes of the two groups at each electrode

montage. pa amplitudes were consistently larger for the neck (Cv2) than for the earlobe reference

electrode sites but this effect was less pronounced for the NH group at C3'
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Montage contrast p

Fz-contra v C3-Cv2 0.004

Fz-contra v C4-AZ 0.002

Cz-contra v C3-Cv2 0.005

Cz-Cv2 v C4-A2 0.011

C4-AZ v C4-Cv2 0.040

Table 15. Significant electrode montage by group post hoc contrasts for Pa amplitude'

Figure 14. pa amplitudes for rhe NH (striped) and CI (solid) groups as a function of electrode montage.

Error bars show standard errors of the mean.
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Ph Latency

There was a strong significant trend for Pb latency to be longer at Fz for both the earlobe and neck

reference electrodes. Significant post hoc contrasts are listed in Table 16. There was no significant

montage by group interaction for Pb latency'

Montage contrast p

Fz-contra v Cz-contra 0.016

Fz-contra v Cz-Cv2 0.010

Fz-Cv2 v Cz-Cv2 0.011

Fz-contra v C3-A1 0.008

Fz-contra v C3-Cv2 0,001

Fz-Cv2 v C3-Cv2 0.001

Fz-contra v C4-42 0.047

Table 16. Significant electrode montage contrasts for Pb latency.

Summary of electrode montage effects on the MLR:

l. Na amplitude was more positive at Cz than for the other electrode sites.

2. Na amplitude was more negative for the CI group than for the NH group, especially at C3'

3. pa amplitude was always greater for a Cv2 compared to an earlobe electrode reference site'

4. Pa amplitude was greatest at Cz in the NH group and at C3 in the CI gloup'

5. Pb latency was longest at Fz and shortest at C3.
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MLRTwo-GrouP AtlnlYsis

To investigate the goup differences in more detail, the latency and amplitude data for the eight

electrode montages were analysed separately using multivariate analysis of variance (MANOVA)' A

significant group effect was found for the C3-Al electrode montage [F(4,19) =3'746, p = 0'021]' Na

amplitude (see Figure 16) was the dependent variable that caused the significant group difference

lF(|,22) =7.g42,p = 0.0101. The amplitude of Na was slightly positive for the NH group (c3'Al

mean = 0.0g pv, sd = 0.4g) and had a much greater negative amplitude for the cI group (c3-Al mean

= -0.3g pv, sd = 0.33). This is illustrated in Figure 15, which shows the grand rnean MLR waveforms

for both groups at the c3-A1 electrode montage. There wer€ no significant group differences for Na'

pa, Nb or Pb peak latencies at any of the eight electrode montages.

+6.3

I

Figure 15. Grand mean waveforms for the NH (black) and CI (green) at the c3-Al elecuode site' Scale

bar is in pVolts.
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Figure 16. Mean amplitude values for the NH group (striped) and CI group (solid) for the MLR p€aks

Na, pa, Nb and pb at the C3-A1 electrode montage. The significant group difference (p = 0'01) is

indicated by the asterisk. Error bars show standard enors of the mean'
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M LR Thre e-GrouP AnaIY s is

To investigate group differences further, the CI group was divided into the "bette/' (n = 8) and

..poored, (n = 4) groups based on their speech discrimination scores. The MLR latencies and

amplitudes were re-analyzed for the NH and the two cI groups (Group I = NH, group 2 = "bettet''cL

and group I = "poo1sr" cD. The three groups' grand mean MLR waveforms for the c3-Al electrode

montage are shown in Figure 17. The mean latency and amptitude data and standard deviations for

this three-group analysis are listed in Tables 17 and l8'

Figure 17. C,rand mean waveforms for the NH Olack), better CI (red), and poorer CI Olue) goups at

the C3-A1 elecbode site. Scale bar is in microvolts'
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Electrode Montage

Wave Group Cz-
contra

Cz-
CvZ

Fz-
contra

Fz-
CvZ

c3-Al c3-
Cv2

c4-A,2 c4-
CvZ

Na
(ms)

NH 21.86
(2.8e)

22.36
(2.08)

2t.79
(3.01)

22.47
(1.e6)

)) ))
(2.77)

22.52
(2.47)

22.25
(2.e7)

22.91
(2.4s)

Better
CI

22.77
(2.s4)

22.99
(3.07)

22.95
(2.73)

23.07
(2.86)

22.76
(3.04)

23.45
(3.74)

23.48
(2.87)

23.65
(2.87)

Poorer
CI

r9.13
(2.0s)

19.30
(3.24)

18.90
(2.06)

19.65
(3.s7)

19.48
(2.83)

18.94
(3.2s0

19.61
(3.06)

20.09
(3.e8)

Pa
(ms)

NH 33.49
(2.r7)

33.27
(3.38)

32.55
(2.93)

33.10
(3.16)

32.18
(2.e8)

32.53
(3.3s)

3r.M
(4.s7)

32.22
(3.s6)

Better
CI

32.t9
(3.42)

31.88
(2.s2)

3 1.81

(2.81)
32.87
(2.66)

33.08
(3.ee)

32.17
(2.e0)

31.86
(2.80)

32.83
(4.31)

Poorer
CI

28.93
(s.20)

28.06
(4.33)

29.04
(5.s0)

28.r7
(4.68)

28.76
(6.2e)

27.81
(6.43)

30.23
(4.3e)

29.43
(4.3e)

Nb
(rns)

NH 45.86
(s.56)

45.7 |
(s.78)

44.06
(7.le)

44.35
(4.84)

M.2l
(6.s7)

43.6r
(6.70)

4r.69
(6.38)

43.34
(6.s1)

Better
CI

4r.78
(s.00)

43.43
(7.42)

43.O7
(3.35)

42.50
(4.16)

42.73
(3.66)

41.52
(4.s0)

42.26
(3.78)

43.1 I
(4.6s)

Poorer
CI

36.48
(6.48)

36.87
(6.0s)

36.22
(6.66)

35.62
(s.70)

36.34
(6.2e)

35.16
(s.08)

34.92
(5.46)

34.46
(5.02)

Pb
(ms)

NH 56.79
(6.28)

56.41
(s.s0)

54.62
(6.l l)

55.14
(5.75)

53.29
(4.80)

53. l5
(4.73)

53.22
(6.00)

54.35
(s.24)

Better
CI

55.il
(s.44)

55.29
(4.63)

54.84
(6.0s)

53.65
(3.71)

54.98
(6.35)

53.1 3

(4.63)
55.63
(4.76\

55.04
(s.16)

Poorer
CI

56.28
(7.32)

54.05
(8.24)

53.28
(8.8s)

52.03
(8,e7)

53.59
(8.00)

53. l8
(8.4e)

52.80
(8.68)

52.63
(e.18)

Table 17. Mean MLR latencies (ms) for waves Na, Pa, Nb and Pb for the NH, better CI and poorer CI

groups at the eight MLR electrode montages' Standard deviations are in parentheses'
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Electrode Montage

Wave Group Cz-
contra

Cz-
Cv2

Fz-
contra

Fz-
Cv2

C3.AI c3-
Cv2

C4-42 c4-
Cv2

Na
(pv)

NH -0.03
(0.s2)

0.04
(0.48)

0.r0
(0.s3)

0.20
(0.46)

0.08
(0.48)

0.15
(0.43)

-0.08
(0.s4)

0.04
(0.ss)

Better
CI

-o.27
(0.32)

-0.32
(0.44)

-0.02
(0.35)

-0.32
(0.38)

-0.53
(0.22)

-0.45
(0.s6)

-o.21
(0.43)

-0.42
(0.3e)

Poorer
CI

-0.28
(0.3s)

-0.17
(0.30)

-0.01
(0.ss)

0.l l
(0.44)

-0.1I
(0.36)

-0.03
(0.27)

0.02
(0.47)

-0.05
(0.44)

Pa

0rv)
NH 1.19

(0.se)
t.2l

(0.70)
r.26

(0.s8)
t.32

(0.67)
l.l6

(0.s2)
l. l8

(0.s8)
1.90

(0.s1)
t.2r

(0.6s)

Better
CI

0.46
(0.4r)

o.77
(0.ss)

0.55
(0.37)

0.88
(0.54)

0.67
(0.4s)

0.83
(0.s4)

0.67
(0.68)

0.82
(0.se)

Poorer
CI

0.75
(0.73)

0.84
(0.41)

0.91
(0.77)

1.04
(0.ss)

l.l5
(0.23)

t.27
(0.77)

0.93
(0.s3)

0.79
(0.63)

Nb

0tv)
NH -0.07

(0.64)
-0.08
(0.63)

0.00
(0.73)

0.03
(0.73)

0.19
(0.71)

0.1I
(0.67)

-0.08
(0.54)

0.09
(0.4e)

Better
CI

-0.05
(0.48)

-0.10
(0.58)

-0.05
(o.47)

0.27
(o.se)

-0.15
(0.64)

0.o2
(0.52)

-0.10
(0.s2)

-0.03
(0.ss)

Poorer
CI

-0.77
(1.46)

-0.38
(1.s1)

-o.4?
(1.63)

-0.19
(1.43)

-0.33
(1.37)

-0.06
(1.6e)

o.o2
(t.22)

-0.05
(1.04)

Pb
(l,v)

NH 0.40
(0.83)

0.41
(0.7e)

0.48
(0.84)

0.53
(0.84)

0.56
(0.8e)

0.50
(0.82)

0.54
(0.31)

0.59
(0.7s)

Better
CI

0.54
(0.55)

0.43
(0.80)

0.64
(0.3e)

0.55
(0.63)

0.86
(0.4s)

0.79
(0.70)

0.94
(0.33)

o.77
(0.44)

Poorer
CI

1.06
(0.47)

1. l3
(0.38)

0.87
(0.s2)

t.r2
(0.24)

1.39
(o.22)

1.51
(0.30)

0.97
(0.28)

1.10
(0.34)

Table 18. Mean MLR amplitudes (pV) for waves Na, Pa, Nb and Pb for the NH, better CI and poorer

CI groups at the eight MLR electrode montages. Standard deviations are in parentheses.

Significant group effects were found for two of the eight electrode montages, C3-Al [F(8,38) =

30.169, p = 0.0081 and C3-Cv2 [F(8,38) = 2.256, p = 0.044]. The C3-Al electrode montage also
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showed significant group differences for the two-group analysis. As was found in the two-group

analysis, the dependent variable that caused the significant group differences was Na amplitude for

boththeC3-AlmontagetF(2,21)=5.730,p=0.010]andC3-Cv2montageIF(2,2|)=4.04.1'p=

0.0321. post hoc contrast testing was performed to determine the nature of these effects' The group

differences are listed in Table 19. There were no significant findings for the poorer cI group' The

group differences are evident in the bar graph showing the C3-Al amplitudes in Figure 18' and the

group grand mean MLR waveforms for the C3-At electrode montage in Figure 17. Figure 18 shows

that Na was slightly positive for the NH group and was negative for both CI groups' This pattern was

seen at both c3-Al and c3-cv2. pb amplitude was greatest for the poorer cI group, but this trend did

not reach significance at either electrode montage. As for the two-group analysis of the MLR results'

there were no significant latency differences between the groups.

Table 19. Signifrcant dependent variables for the C3 electrode montages for the three-group ANOVA

(the two left-hand columns) and the significant post hoc contrasts (the two right-hand columns)'
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Figure lE. Mean MLR peak ampttudes for the C3-A1 electrode montage for the three subject groups'

Group I = NH (striped), group 2 = "better" CI (grey), and group I = "poorer" CI (black)' The significant

group differences (p < 0.01) are indicated by the asterisk. Error bars indicate standard erors of the

mean.

Summary of GrouP Efficts on the MLR

1. Analyses of variance performed separately for the eight electrode montages showed that Na

amplitude was significantly different between the NH and CI groups overall (two group analysis)

at the C3-Al electrode montage'

Z. When the better and poorer CI groups were analysed separately (hree group analysis) the better CI

group,s Na amplitude were significantly more negative than that of the NH group at the C3-Al and

C3-Cv2 electrode montages.

110



Cortical results

The initial analysis of the cortical evoked potential data for the NH and cI groups was undertaken to

investigate the influence of group, electrode montage and tonal frequency on the latencies and

amplitudes of the pl-Nl-p2 responses. Four electrode montages were used, Fz-contra, Cz-contra, C3-

Al, and c4-A2. As described in the MethodS a neck rsference was not used for cortical recordings'

The C3 and C4 sites were used to investigate any hemispheric differences between the CI and NH

groups. The grand mean waveforms for the CI and NH groups recorded at the Cz electrode site for the

three stimulus frequencies are illustrated in Figure 19. Similar results were recorded from the three

other electrode sites. The mean latency and amplitude data and standard deviations for the three

stimulus frequencies are listed in Table 20. There was less variability in the cortical responses across

electrode montages and between the groups than was seen in the MLR data' The cortical data were

noticeable for the overall very well defined morphology of all the peaks for both subject groups'
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Figure 19. (previous page). Cortical grand mean waveforms for the 250H2 stimulus (a)' I kHz

stimulus (b) and 4ldrzstimulus (c) for rhe NH (black) and cI (green) groups at the cz-contra electrode

montage. Scale bars are in PVolts.

(a) 25OI1z

Electrode Montage

(a) 250 Hz Group Fz-contra Cz-contra c3-Al c4-A2

Pl latency
(ms)

NH 50.88 (23.74) 47.3O (1e.68) 47.87 (r7.2s) 47.79 (18.77)

CI s8.8s (17.e5) s9.s1 (14.23) 62.03(14.20) 5e.el (12.61)

Pl amplitude
(l,,v)

NH 0.64 (0.62) 0.s6 (0.69) 0.77 (.66) o.s0 (o.se)

CI 1.21 (1.10) 0.e4 (1.09) l.r5 (1.23) r.27 (1.30)

Nl latency
(ms)

NH 104.67 (24.38) rol.0l (18.07) 9s.97 (19.40) 104.83 (22.22)

CI 103.12 (13.89) 103.12 (14.22) 102.96 (14.13) 98.89 (12.s0)

Nl amplitude
(prv)

NH -2.3t (r.32) -2.s3 (1.13) -2.3? (r.23) -1.98 (1.14)

CI 1.70 (1.30) -2.34 (r.47) -2.12 (1.3O) -2.08 (1,41)

P2latency
(ms)

NH 181.s6 (32.88) 183.04 (30.35) 183.4s (30.31) 187.60 (32.74)

CI r87.92 (36.e1) r86.38 (37.7O) 186.30 (36.30) 188.33 (42.7e)

P2 amplitude

0.rv)

NH 2.12 (1.08) 2.36 (r.O4) 2.36 (O.7r) 2.0s (.68)

CI 2.5r (r.s2) 2.s3 (r.44) 2.41(r.24) 2.2e (r.84)

Table 20 (a). Cortical latency (ms) and amplitude (pV) values for the NH and CI groups for the 250H2

stimulus frequency at the Fz, cz,c3 and c4 electrode montages. standard deviations are in parentheses'
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(b) I kl{z

Electrode Montage

I kHz Group Fz-contra Cz-contra C3-AI C4-A2

Pl latency
(ms)

NH 4s.35 (9.17) 4s.s1 (e.84) M.O4 (7.49\ 44.e4 (10.64)

CI sr.20 (13.49) 47.72 (9.42) sr.6l (12.39) 54.22 (13.77)

Pl amplitude

0rv)
NH 0.e8 (0.51) 0.e3 (0.s6) 0.98 (0.69) 0.73 (0.s7)

CI 1.09 (r.38) 1.04 (1.18) r.29 (t.34) r.06 (1.46)

Nl latency
(ms)

NH 90.84 (11.26) 90.s1 (9.82) 88.80 (9. t7) 90.68 (10.77)

CI 93.28 (14.42) es.48 (13.le) 9s.31 (r3.47) 94.9r (6.72)

Nl amplitude

G.rv)

NH -3.81 (1.48) -4.0r (r.M) -3.s8 (1.46) -3.0e (1.33)

CI -2.09 (r.23) -2.25 (r.76) -2.41 (1.s8) -2,67 (r.60)

P2latency
(ms)

NH ls8.ss (3r.42) 1s7.00 (31.51) r57.99 (31.64) 160.74 (32.11)

CI r79.r3 (29.01) r77.5r (24.28) l8l.2s (26.2s) r74.4r (28.04)

P2 amplitude
(pv)

NH 2.63 (r.20) 2.87 (r.39) 2s2 (r.rr) 2.28 (r.re)

CI 2.75 (r.4O) 2.98 (1.s8) 2.80 (t.46) 2.3s (1.s5)

Table 20 (b). Cortical latency (ms) and amplitude (pV) values for the NH and CI groups for the I kHz

stimulus frequency at the Fz, cz,c3 and c4 electrode montages. standard deviations are in parentheses'
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(c) 4 kHz

Electrode Montage
rf

4kJfz Group Fz-contra I cr-.on,ru
Ic3-Al I c4'/c

Pl latency
(ms)

NH 47 .83 (10.81) 48.44 (11.02) 45.83 (9.23) s0.63 (10.6s)

CI ss.44 (13.5e) 56.93 (14.05) s6.98 (19.76) 52.99 (15.,14)

Pl amplitude

0tv)
NH 0.84 (0.62) 0.87 (0.ss) 1.oo (0.63) 0.66 (0.s2)

CI 0.66 (0.96) 0.48 (1.08) 0.74 (0.81) 0.33 (1.40)

Nl latency
(ms)

NH lo3.2l (11.03) 101.58 (10.e3) 100.68 (13.01) 102.07 (9.34)

CI 94.34 (13.31) 98.81 (14.96) 98.38 (1s.84) 99.7e (ls.8e)

Nl amplitude

0tv)
NH -3.78 (r.64) -3.8e (1.s3) -3.41 (1.2s) -2.86 (r.47)

CI -1.49 (1.1s) -1.88 (1.39) -1.70 (0.93) -r.75 (1.32)

P2latency
(ms)

NH 189.13 (29.26) 185.08 (27.r4) r9r.67 (31.82) 180.84 (2s.3s)

CI 179.87 (25.74) r77.59 (25.99) r78.73 (24.27) 171.08 (21.56)

P2 amplitude
(I,v)

NH 2.64 (r.e6) 2.88 (1.es) 2.39 (r.73) r.90 (1.39)

CI ?.62 (r.64) 2.62 (t.65) 2.37 (2.0e) 1.99 (1.33)

Table 20 (c). cortical latency (ms) and amplitude (pv) values for the NH and cI groups for the 4l{rz

stimulus frequency at the Fz, cz,c3 and c4 electrode montages. standard deviations are in parentheses.

A repeated measures ANOVA was performed to investigate the effects of stimulus frequency and

montage on the cortical wave latencies and amplitudes. Frequency and montage were within subject

effects and group was a between subject effect. The only significant group difference was for Nl

amplitude [F(1,22) = 5.336,p = 0.030]. This was not an unexpected result because of the general

similarity of the grand rnean waveforms across the two groups.
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Significant electrode montage effects were found for Nl amplitude [F(3,20) = 5.472, p = 0'0071 and

P2 amplitude [F(3,20) = |3.664,p < 0.001]. The mean Nl and P2 amplitude values for the four

electrode montages are listed in Table 21'

Table 21. Mean cortical amplitudes (pV) from the significant repeated ANOVA for the main effect of

montage. Standard deviations are in parentheses'

post hoc contrasts showed that the Nl montage effect was caused by the amplitude of Nl at the Cz

monrage being significantly larger then Nl at the three other electrode sites (Fz, C3 and C4)' The P2

montage effect was caused byp2amplitude at cz being significantly greater than at C3 and C4, and

p2 amplitude at Fz and c3 being greater than c4. In general, cortical amplitudes were greatest at cz

and smallest at c4. These findings are detailed in Table 22.

-2.34 (1.4s)-2.s9 (r.43)-2.82 (r.64)-2.53 (r.62)

2.r4 (r.34)2.50 (1.41)2.71 (1.50)2.54 (r.45)
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0.019

0.030

0.002

CzvFz

CzvC3

CzvC4

Nl Amplitude (PV)

0.006

0.004

<0.001

0.002

Fzv C4

Czv C3

Czv C4

C3vC4

P2 Amplitude (PV)

Table 22. Significant post hoc contrasts for the main effect of electrode montage'

A significant stimulus frequency effect was found for Pl latency tF(2'21) = 4'349' p = 0'0261' Nl

latency [F(2,21)= 13.530, p < 0.001], Nl amplitude lF(2,21) =9.992, p = 0'0011 and P2 latency

[F(2,21) = 3.838, p = 0.038]. These were expected findings as many previous studies have shown

latency and amplitude differences between cortical responses to different frequency tonal stimuli' The

signifrcant post hoc contrasts for stimulus frequency are listed in Table 23 and the latency results are

shown in Figure 20. A general finding from the latency contrasts is that the latencies of the Pl, Nl and

p2 peaks elicited by the 1 kHz srimulus were earlier than those obtained with either the 250 tlz or 4

kHz stimuli. The Nl amplitude effecr was caused by the amplitude of Nl to the I kHz stimulus (mean

= -3.01 pv, sd 1.79) being grearer than Nl amplitudes obtained with either the 250 Hz (mean = -2'17

pV, sd 1.27) or 4l<I1z (mean =-2.6O, sd 1'61) stimuli'
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0.034

0.014

I kIIz v 250llz

1 kHz v 4Y'Llz

Pl Latency (ms)

<0.001

<0.001

I kHz v250Hz

I kHz v 4kElz

Nl Latency (ms)

4.001

o.M7

0.019

1 kHz v 250IIz

lkHzv4kIIz

25OI1z v 4 kHz

Nl Amplitude (PV)

250H2 v I kHzP2 Latency (ms)

Table 23. Significant post hoc contrasts for the main effect of frequency on the cortical data'

200.0

180.0

160.0

140.0

a 120.0

f too.o
EqlFr 80.0

60.0

40.0

20.0

0.0

Figure 20. Mean latencies (ms) of the cortical peaks Pl, N1 and P2 as a function of stimulus frequency,

zslltz(pale grey bars), 1 kIIz (striped bars) and 4l*12(dark bars). Latencies were significantly earlier

for the I kHz stimulus than for the 250 Hz and 4kElz stimuli. Error bars show standard elrors of the

mean.
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There were significant montage by group interactions for N1 latency [F(3,20) =3'284' P = 0'042] and

Nl amplitude [F(3,20) = 4.090, p = 0.020]. Post hoc contrasts showed that the Nl latency at Fz was

significantly different from cz and c3, andczdiffered from c3. For the NH group Nl latencies were

earlier at c3 and were genefally similar for the three other montages' The cI group had eadier

latencies atFz,slightly longer latencies at c4 and very similar latencies for the cz and c3 electrode

montages. These results are shown in Figure 21'

Figure 21. Mean N1 latency values (ms) for the NH group (striped) and cI group (solid) for the four

electrode montages Fz-contra, Cz-contra, C3-Al and C4-A2. Error bars show standard elTors of the

means. This figure illustrates the significant montage by gfoup interaction for Nl latency' Fz was

significantly different from Cz and C3 and Cz was significantly different from C3'

There was a signihcant interaction between electrode montage and group for Nl amplitude' which was

caused by the amplitude at C4 being significantly smaller overall compared to the three other electrode

montages. Nl amplitude for the CI group was relatively constant across electrode montages and for

ll9
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the NH group was smallest at C3 and C4. These results are shown in Figure 22 and the post hoc

contrasts are listed in Table 25.

Figure 22. Mean Nl amplitude (pV) values for the NH group (striped bars) and CI group (solid bars)

for the four electrode montages, Fz-contra, Cz-contra, C3-Al and C4-A1. Error bars show standard

erTors of the nrcan.

There was also a significant frequency by group interaction for Nl amplitude [F(2,21) = 12.031, p =

<0.00U. The mean group Nl amplitudes for the three stimulus frequencies are listed in Table 24.

Post hoc testing showed that there were significant group differences for Nl amplitude between the

250H2 and I kHz stimuli and also between the 250 Hz and 4VJlz stimuli. These results are listed in

Table 25.
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Wave Group 250 Hz I kIIz 4l<Jlz,

Nl amp

0tv)
NH -2.29 (r.re) -3.62 (r.43) -3.48 (r.49)

CI -2.06 (1.3s) -2.s6 (r.e6) r.7l (1.18)

Table 24. Mean group Nl amplitudes (pV) for the 250tfz,1 kHz and 4 kHz stimulus frequencies.

Standard deviations are in parentheses.

Montage x Gnoup Interaction

Wave Contrast p

Nl Latency (ms) Fzv Cz

FzvC3

Czv C3

0.037

0.004

0.033

Nl Amplitude (pV) Fzv C4

Czv C4

C3vC4

0.003

0.002

0.028

Frequency x Group Interaction

Nl Amplitude (pV) 250llz v I kHz

25OlIz v 4 kHz

0.014

<0.001

Table 25. Significant post hoc contrasts for the montage by group and frequency by group interactions.

There was one three-way montage by frequency by group interaction for Pl latency [F(6,17) = 3.196,

p = 0.0271. In general the CI group had longer Pl latencies than the NH group, and this effect was

most evident at 250 Hz. The interaction resulted from significant group differences in Pl latency

between 250H2 and I kHz at the Cz and C4 electrode sites (p = 0.009) and between 250 Hz and I kHz

at the Fz and Cz electrode sites (p = A.026). These results are shown in Figure 23.
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Figure 23. Mean Pl larcncy values for the NH group (stiped) and CI gloup (solid) for the tfuee

stimulus @uencias 250l[z(rcd), I kHz (blue), and 4 kllz Olack) and tlp fourehctode montagps (Fz,

CzC3 and C4). This figure illushates the significant tluoe-way rnontage by ftoquency by group

interaction. There were significant Pl latency goup differenm benrwn the Cz and C4 elecnode

montages (for I kFIz and 4 kHz) and between the Fz and Cz eleuode montagps (for 250 Hz and I kl{z)

with the CI group having longer latencis for the 25OHz and I ktlz stimuli. Error bars show standard

erors of the nrean.

Summary of Sigt tficant Main Efiec8 and /lnterur,'tiotts tor tlw Cortlcal Resuh

l. Nl amplitude was significantly geater in the NH group than in the CI gtoup.

2. Nl and P2 amplitudes were grcatest atCz

3. Pl, Nl and P2 latencies were earlier for the I kHz stimulus than for the 250 Hz or 4ktlz

stimuli.

4. Nl amplitude was greater for the 1 kHz stimulus than for the 250 Hz or 4ktlz stimuli.

5. Montage by group interactions:
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Nl latency was shortest at Fz for the CI group and C3 for the NH group.

Nl amplitude was smallest at Fz for the CI group and C4 for the NH group.

6. Frequency by group interaction:

Nl amplitude was similar at25O Hz for the CI and NH groups but the NH group had much

larger Nl amplitudes at I ld{z and 4 kIIz.

7. Montage by frequency by group interaction:

Pl latencies were generally longer for the CI group than for the NH group, and this difference

was the greatest for 250I{z stimulus. The sarne effect was seen for the 1 kIIz and 4 kIIz

stimuli although the effect was less pronounced.
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C o ftfu al Tw o - Gro up Analy sis

To investigate the effects of group and frequency on cortical wave latencies and amplitudes in more

detail, the data for the four electrode montages were analysed separately using a repeated measures

ANOVA with stimulus frequency as a within subjects effect and group as a between subject effect.

Significant group differences were found in the amplitude data for three electrode montages, Fz

[F(1,22)=90.313,p=0.006],CzlF(1,22)=80.754,p=0.007landC3 lF(1,22)=70.178,p=0.0141.

The group difference for the C4 electrode montage approached statistical significance at p = 0.051.

Stimulus frequency had no significant effect on amplitude at any of the electrode montages, however,

there were significant interactions for frequency by wave at all four montages. The frequency by wave

interaction was also seen in the initial statistical analysis that included electrode montage as a repeated

measure. This was largely caused by significant differences in Nl amplitude when comparing the 250

Hz and I kHz data. These results are listed in Table 26.

There were significant three-way frequency by wave by group interactions for the amplitude data at all

four montages. These were due to group differences in Nl amplitude that varied by frequency. The

CI subjects had almost equivalent Nl amplitudes to the NH group at 25O FIz, however for the higher

frequencies the CI group's Nl amplitudes remained relatively constant while Nl amplitude

significantly increased for the NH group. For the CI group, Pl had the greatest amplitude at250Hz,

was essentially equivalent to the NH group at I kFIz , and was then smaller in amplitude at 4 kHz

compared to the NH group. There was little difference between the groups across frequency for P2

amplitude. The frequency by wave by group interaction at the Cz electrode site is illustrated in Figure

24 and all of the significant interactions for amplitude are listed in Table 27.

124



Montage Frcquency x Wave Contrast p

Fz F(4, 19) = 4O.415,P = 0.010 2S0Hzvlkllz(PlvNl)

250llzvlkHz(NlvP2)

<0.001

0.001

Cz F(4,19) = 30.409, P = 0.029 2S0HzvlkIIz(PlvNl)

250HzvlkHz(NlvP2)

0.003

0.004

C3 F(4, 19) = 30.323, p = 0.032 2S0Hzvlkllz(PlvNl)

250llzvlkIIz(NlvP2)

I kHz v 4Wlz (Pl v Nl)

0.002

0.002

0.035

C4 F(4, 19) = 30.409, P = 0.O29 2SOHzv I kHz(Pl vNl)

250IIzv I kHz(Nl vP2)

1 kHz v 4k}.Iz (Pl v Nl)

I kllz v 4k}lz (Nl v P2)

0.002

0.008

0.005

0.016

Table 26. Significant post hoc contrasts for the frequency by wave interaction for the amplitude data

from the individual montage analysis of the two-group cortical data.
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Figure 24. Mean cortical Pl, Nl and P2 amplitude values (pV) for the NH group (striped) and CI group

(solid) for the three stimulus frequencies (250 Hz, I kHz, and 4 kHz) at the Cz electrode montage. This

frgure illustrates the significant three way frequency by wave by group interaction. There were

significant group differences between 25OHz and I kHz and between 250 Hz and 4klfz stimulus

frequencies for the group amplitudes. The NH group had significantly greater amplitudes for Nl to the I

kHz and 4 kIIz stimuli compared to the 250 Hz stimulus. The CI group had similar N I amplitudes

across frequencies. Compared to the NH group, the CI group had significantly greater Pl amplitudes to

the 250 Hz stimulus, similar P1 amplitudes for the I kHz stimulus and smaller Pl amplitudes to the 4

kHz stimulus. Error bars show standard errors of the mean.

t26



Montage Frequency x Amplitude x
Group Interaction

Contrast p

Fz F(4,19) = 50.066, P = 0.006 25Ollzv I kIIz(Pt vNl)

250H2 v4kHz@l vNl)

0.003

<0.001

Cz F(4,19) = 70.760, p = 0.001 2SOHzvlkHz(PlvNl)

250llzv I kHz(Nl vP2)

250llzv 4V,Llz (Pl v Nl)

0.003

0.037

<0.001

C3 F(4,19) = 40.440,p = 0.01 1 2S0llzvlkHz(Pl vNl) 0.001

C4 F(4,19) = 60. 190, P = 0.002 250Ilzv4kHz(PlvNl)

I kllzv 4k}lz (Pl v Nl)

<0.001

0.044

Table 27. Significant frequency by wave by group interactions and post hoc contrasts for the amplitude

data from the individual montage analysis of the two-group cortical data.

There were no significant group latency differences at any of the four electrode montages. The

expected main effect of frequency on response latency was significant (p < 0.003) at all four sites as

illustrated in Figure 25. There was one signifrcant latency interaction between frequency, wave and

group [F(4,16) = 30.309, p = 0.032] at Fz (see Table 28). This was caused by the CI group having

signifrcantly longer latencies for P2 to the I kHz stimulus and for Pl to the 4k}lz stimulus.
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Montage Frcquency x Wave x
Grcup Interaction

Contrast p

Fz F(4,19) = 30.309, p = 0.032 I kHz v 4Y,lIz (Pl v Nl)

1 kHz v 4WIz (Pl v P2)

0.01I

0.028

Table 28. The significant frequency by wave by group interaction and post hoc contrasts for the latency

data at the Fz electrode site from the individual montage analysis of the two-group cortical data.

Figure 25. Mean cortical Pl, Nl andP?latency values for the NH group (striped) and CI group (solid)

for the three stimulus frequencies (250 Hz, I kIIz, and 4 kHz) for the Fz electrode montage. This figure

illustrates the significant three-way frequency by wave by group interaction. There were significant

differences between thel kHz and 4 kHz stimulus frequencies for the group latencies, with the NH group

having significantly shorter P2 latencies to the I kHz stimulus and longer Nl latencies to the 41rJ12

stimulus. At I kHz the CI and NH groups had similar Nl latencies. Error bars show standard errors of

the mean.
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C ortical T hn e - Cno up Analy sis

To investigate grcup differcnces further, the CI group was divided into the'tetter' (n.= 8) and

'ltooref'o (n = 4) groups and the cortical latertoies and aurylitudes werc re-analped for the NH and the

two CI groups (Group I = NH, group 2 = "bett€r" CI, and group 3 - "pooret'' Cf), as was done in the

MLR malysis. Thc rhree groups' grand an waveforils fo.r the Cz electrode $ontage arp shown in

Figure 26. The rtrcan qmplitude and latency values for the throe-group analy-ses are listed in Table 29.
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Figure 26. (previous page). Cortical grand mean waveforms for the 250H2 stimuli (a), I kHz stimulus

(b) and 4 kEIz stimulus (c) for the NH (black), better CI (red) and poorer CI (blue) groups. Scale bars are

in plVolts.
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(a) 250 Hz

Electrcde Montage

250 Hz Group Fz-contra Cz-contra c3-Ar C4.42

Pl lat (ms) NH s0.88 (23.74) 47.30 (19.68) 47.87 (r7.25) 47.79 (18.77)

Better CI s6.98 (19.68) 58.70 (ls.s3) 61.38 (r7.r4) s8.e4 (1s.Os)

Poorer CI 62.60 (r5.80) 6t.14 (13.22) 63.33 (7. r0) 6r.87 (6.88)

Pl amp (pV) NH 0.64 (0.62) 0.s6 (0.69) 0.77 (0.66) 0.s0 (0.5e)

Better CI 1.06 (1.20) 0.78 (r.00) 0.7s (0.94) l.l0 (1.28)

Poorer CI r.s2 (0.97) r.2s (r.34) I 94 (1.s0) l.6l (1.46)

Nl lat (ms) NH 104.67 (24.38) l0l.0l (18.07) 95.97 (19.40) 104.83 (22.22\

Better CI r03.49 (16.91) 102.76 (r7.52) ro3.r2 (r7.39) 98.61 (1s.07)

Poorer CI ro2.39 (6.25) 103.86 (4.87) 102.64 (5.14) 99.46 (6.49)

Nl amp (pV) NH -2.3r (r.32) -2.53 (1.13) -2.32 (t.23) 1.98 (1.14)

Better CI -r.s4 (r.44) -2.04 (r.sz) r.76 (1.10) -r.94 (r.62)

Poorer CI -2.04 (1.09) -2.e3 (1.3s) -2.84 (1.s2) -2.36 (1.03)

P2 lat (ms) NH 181.56 (32.88) 183.04 (30.35) 183.45 (30.31) 187.60 (32.74)

Better CI t87 .23 (3 r.se) t82.96 (35.91) 183.69 (33.92\ 185.76 (,$4.09)

Poorer CI 18e.31 (s1.60) r93.2r (45.93) r9l.5l (4s.75) re3.46 (46.12)

P2 amp (pV) NH 2.12 (1.08) 2.36 (r.04) 2.36 (0.7r) 2.0s (0.68)

Better CI 2.46 (r.15) 2.43 (r.O2) 2.M (0.e6) 2.O2 (1.36)

Poorer CI 2.6r (2.32) 2.73 (2.2s\ 2.3s (r.87) 2.83 (2.74)

Table 29 (a). Cortical latency (lat) (ms) and amplitude (amp) (pV) data for the NH (n=12) and better

(n=8) and poorer (n=4) CI groups for the 250H2, stimulus frequency at the Fz,Cz, C3 and C4 electrode

montages. Standard deviations are shown in parentheses.
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(b) I kllz

Electrode Montage

I kHz Group Fz-contra Cz-contra C3-A1 C4-42

Pl lat (ms) NH 4s.3s (9.r7) 4s.sl (9.84) M.04 (7.4e) 44.94 (10.64)

Better CI 47 .46 (14.30) u.65 (8.32) s0.39 (14.12) s4.s4 (13.9r)

Poorer CI s8.69 (8.82) 53.8s (9.4r) 54.05 (e.28) s3.s7 (rs.se)

Pl amp (pV) NH 0.e8 (0.s1) o.e3 (0.56) 0.e8 (0.6e) 0.73 (0.57)

Better CI 0.96 (1.s3) 0.82 (1.02) 0.e6 (1.20) 0.68 (1.24)

Poorer CI 1.37 (r.16) 1.48 (1.52) 1.95 (r.53) 1.84 (1.73)

Nl lat (ms) NH 90.84 (11.26) 90.s1 (9.82) 88.80 (9.17) e0.68 (r0.77)

Better CI e3.8s (17.60) 96.4r (1s.97) 96.05 (16.31) 94.95 (7.29)

Poorer CI 92.r4 (6.ls) 93.60 (s.ee) e3.8s (6.4r) 94.83 (6.4s)

Nl amp (pV) NH -3.81 (1.48) -4.01(r.M) -3.s8 (1.46) -3.0e (1.33)

Better CI -2.04 Q.M) 1.90 (1.91) -2.22 (r.6r) -2.46 (r.72)

Poorer CI -2.26 (0.8t) -z.es (r.36) -2.80 (1.69) -3.10 (1.46)

P2 lat (ms) NH 181.56 (32.88) 183.04 (30.3s) 183.45 (30.3r) 187.60 (32.74)

Better CI 178.44 (28.51) r80.64 (25.88) 18r.98 (24.3e) 176.00 (27.00)

Poorer CI 180.s2 (34.44) 171.24 (22.80) rje.7e (33.69) r7 r.24 (34.09)

P2 amp (pV) NH 2.63 (1.20) 2.87 (1.39) 2.s2 (r.rL) 2.28 (r.Le)

Better CI 2.70 (r.35) 2.99 (r.47) 2.74 (r.4r) 2.60 (1.36)

Poorer CI 2.84 (1.7O) 2.9s (z.Os\ 2.94 (r.78) 1.86 (1.99)

Table 29 (b). Cortical latency (lat) (ms) and amplitude (amp) (pV) data for the NH (n=12) and better

(n=8) and poorer (n=4) CI groups for the I kHz stimulus frequency at the Fz, Cz, C3 and C4 electrode

montages. Standard deviations are shown in parentheses.
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(c) 4 kHz

Electrcde Montage

4l<l[z Group Fz-contra Cz-contra C3-A1 C4.A2

Pl lat (ms) NH 47.83 (10.81) 48.M (11.02) 4s.83 (e.23) s0.63 (10.6s)

Better CI s3.s6 (14.0s) s5.64 (14.80) 5s.8e (22.8r) 53.44 (15.81)

Poorer CI s9.2r (13.69) s9.s2 (15.71) s9.18 (r4.44) s2.10 (r7.02)

Pl amp (pV) NH 0.84 (0.62) 0.87 (0.ss) 1.00 (0.63) 0.66 (0.s2)

Better CI 0.6e (1.08) 0.M (r.r7) 0.67 (0.76) 0.24 (1.61)

Poorer CI 0.61 (0.80) 0.s6 (1.05) 0.87 (0.99) 0.53 (1.0s)

Nl lat (ms) NH r03.21(r 1.03) l0l.s8 (10.e3) 100.68 (13.01) 102.07 (9.34)

Better CI 94.9s (1s.12) roz.rs (rs.34) r02J6 (r7.2s) 103.37 (t4,75)

Poorer CI 93.r2 (10.6s) 92.r4 (13.s2) 92.63 (rr.62) 92.63 (16.75)

Nl amp (pV) NH -3.78 (r.64) -3.8e (1.s3) -3.4r (r.25) -2.86 (r.47)

Better CI -r.4s (1.3s) -l.81 (r.51) -1.60 (1.03) -1.67 (1.s0)

Poorer CI -r.s7 (0.74) -2.02 (r.33) -1.90 (0.80) -1.e1 (1.01)

P2 lat (ms) NH 18e.13 (29.26) 185.08 (27.14\ r9r.67 (31.82) 180.84 (2s.35)

Better CI 186.99 (24.46) 186.26 (25.83) 186.01 (22.69) r77.59 (22.62)

Poorer CI r6s.63 (2s.06) 160.25 (17.85) 164.16 (23.13) 1s8.06 (13.11)

P2 amp (p,V) NH 2.64 (r.e6) 2.88 (1.9s) 2.3e (r.73) l.e0 (r.3e)

Better CI 2.86 (1.s3) 2.e0 (1.48) 2.87 (1.68) 2.26 (r.24)

Poorer CI 2.r3 (r.97) 2.08 (2.07) r.38 (2.73) 1.44 (1.50)

Table 29 (c). Cortical latency (lat) (ms) and amplitude (amp) (pV) data for the NH (n=12) and better

(n=8) and poorer (n=4) CI groups for the 4kJlz stimulus frequency at the Fz,Cz, C3 and C4 electrode

montages. Standard deviations are shown in parentheses.
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Repeated measures ANOVAs were performed separately on data from the four electrode montages to

analyse the effects of frequency and group on wave latencies and amplitudes. There were significant

group effects on Nl amplitudes atEz [F(2,21) = 40,471, p = 0.024], Cz lF(2,2L) = 40.522, p = 0.0231

and C3 [F(2,21) = 30.558, p = 0.047] to the 4kIIz and I kHz stimuli. These group differences were

predominantly between the NH and the better CI groups (see Table 30). There was only one

statistically significant group difference between the CI groups and the NH group (see Figure 27).

This difference was between the CI and NH groups at the Fz electrode site for the 4 kHz stimulus, with

the NH group having a significantly greater Nl amplitude (mean -30.78 pv, sd 10.63) than both the

poorer CI group (mean -10.57 pv, sd 0.74) and the better CI group (mean -10.45 p,v, sd 10.35).

Montage Frequency Group Effect Contrast p

Fz I kHz Nl amplitude NH v better CI 0.029

4 kllz

4 kIIz

NI

NI

amplitude

amplitude

NH v better CI

NH v poorer CI

0.006

0.044

Cz I kHz Nl amplitude NH v better CI o.o27

4k}lz Nl amplitude NH v better CI 0.019

C3 4kIIz Nl amplitude NH v better CI 0.006

Table 30. Significant post hoc contrasts at the three electrode sites (Fz, Cz, and C3) that had significant

group effects for the three-group cortical amplitude data.
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Figure 27. Meancortical Pl, Nl and P2 amplitude values for the NH group (striped), better CI group

(grey) and poorer CI group (black) for the three stimulus frequencies (250IIz, I kHz, and 4 kHz) at the

Fz electrode montage. This figure illustrates the significant group effect for Nl amplitude. The NH

group had significantly greater Nl amplitude to the 4 kHz stimulus than both the poorer and better CI

groups. Error bars show standard enors of the mean.

For all four electrode montages, frequency had a signfficant effect on response latencies [F(2,20) >

40.667, p <0.0221. As was found in the two-group analysis, latencies were shortest at I kHz and

longest at250 Hz. Although there were no statistically significant group latency effects there was a

clear trend for the CI groups to have longer latencies than the NH group for the Pl peak across the

three stimulus frequencies. The poorer CI group had longer Pl latencies than the better CI group for

three of the four electrode montages (this effect is illustrated for the Fz montage in Figure 28). The

latencies of Nl were similar across the NH and CI groups at all frequencies. The NH group had the

shortest P2latency to the I kHz stimulus at all electrode montages. In contrast P2 latency was

consistently shortest to the 4 kJIz stimulus for the poorer CI group, at all four electrode montages.
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Figure 2E, Mean cortical Pl, Nl andP2 latency values for the NH group (striped bars), better CI group

(grey bars) and poorer CI group (black bars) for the three stimulus frequencies (250IIz,l kllz, and 4

kHz) at the Fz electrode montage. This figure illustrates the group trends in the latency data. The poorer

CI group had longer Pl latencies for all three frequencies (250 llz, I l<tlz and 4 kHz) and the shortest P2

latency for the 4ltf,lz stimulus. The NH group had the shortest Nl latency to the I ktlz stimulus. Error

bars show standard errors of the mean.
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Summary of the Significant Findings frotn the Two-Group and Three-Group Analyses of the Cortical

Data:

l. Nl amplitudes dffiered between the groups atFz,Cz and C3. Nl amplitudes were largest for the

NH group. At 4 kHz both better and poorer CI groups had significantly smaller Nl anplitudes

than the NH group.

2. Latencies for all groups were shortest at I kHz and longest at250lIz.

3. For the NH group Nl latencies wsre always the shortest at C3, over the contralateral (for l0 of the

12 subjects) hemisphere from the stimulated ear. The CI group generally had the shortest Nl

latencies at either Fz or C4, the hemisphere ipsilateral (for l0 of the 12 subjects) to the side of

electrical stimulation.

4. Frequency by wave interaction:

Overall Nl and P2 amplitudes were smaller at250 Hz than at I kHz and 4 kllz, whereas Pl

amplitudes were similar across frequencies.

5 Frequency by wave by group interaction:

For the NH group cortical amplitudes were generally smaller at250 Hz than at I kHz and 4

kHz. For the CI groups amplitudes were generally larger at 250 Hz than at higher frequencies.
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Mismatch Negativity (MMN) and P3

For both subject groups the pattern of results to the two-deviant MMN paradigm differed from that

seen for the MLR and cortical results. There were identifiable MLR and cortical waves for all NH and

CI subjects at each electrode site. In contrast, not all subjects had identifiable MMN for either of the

deviant stimuli. The pattern of responses also varied across the electrode sites, showing the expected

trend of larger amplitudes and greater area of the MMN at the frontal sites. P3a was also larger at the

frontal electrode sites.

An interesting finding was a clear trend for the CI subjects with the poorest speech recognition

performance to have either a greatly reduced MMN than the better performers or no identifiable MMN

response at all. This is illustrated in Figures 30, 34 and 36 which show the grand rnean waveforms

elicited by the frequent and deviant stimuli at the Fz electrode site for the NH group, the better CI and

poorer CI groups respectively. Figures 32,34 and 36 also illustrate the unexpected finding of a larger

P3a responses in the CI groups to the deviant stimuli compared with the NH subjects.

The grand mean waveforms for the large and small deviant stimuli and for the difference waveforms

(the frequent response subtracted from the rare response) at the Fz electrode montage for the NH and

complete CI groups are displayed in Figures 29 - 32 and for the better and poorer CI groups in Figures

33 - 36. The responses to the frequent and rare stimuli are overlaid and displayed in the top graph of

each page and the difference waveforms are overlaid and displayed in the bottom figure of each page.

The mean latency and amplitude values for MMN onset, offset and peak, MMN duration and area, and

P3a latency and amplitude at each of the seven electrode montages are listed in Tables 3l - 34.
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Figure 29. MMN grand mean wavefonns for the NH group (n = 12) at the Fz electnode site. The

@uent waveform (1000 Ha black), small deviant waveform (1250 H?. r€d) and large deviant

waveform (1500 Hz, blue) are shown. Scale bar is in pVolts.
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Figure 30. MMN grand mean subtracted waveforms for the NH group (n = 12) at the Fz elecnode site

for the small deviant (red) and large deviant (blue) stimuli. Scale bar is in pVolts.

140



Figure 3f . MMN grand mean waveforms for the CI group (n = 9) at th€ Fz elechode site. The ftequent

waveform (1000 Hz, black), small deviant waveform (1250 Hz" rcd) and large deviant waveform (1500

Ha blue) are shown. Scale bar is in pVolts.
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Figure 32. MMN gand mean subtacted waveforms for the CI group (n = 9) at the Fz-contra electode

site for the small deviant (red) and large deviant (blue) stimuli. Scale bar is in pVolts.
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Figure 33. MMN grand mean waveforms for the bener CI group (n = 8) at the Fz elecrode site. Tte

frequent waveform (1000 Ha black), small deviant waveform (1250 Ha rcd) and large deviant

waveform (1500 Ha blue) are shown. Scale bar is in pVolts.
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Figure 34. MMN grand mean subtnacted waveforms for the better CI group (n = 8) at the Fz-contra

electrode site for the small deviant (red) and large deviant Olue) stimuli. Scale bar is in pVolts.

142



+Q.7

I

-16€ -58 6 59 ln 150 m m 38s In 196

Tine (ms)

Ftgurc 35. MMN grand mean waveforms for the poorer CI group (n = 4) at the Fz electnode site. The

@uent waveform (1000 Ha black), small deviant waveform (1250 Hz, rcd) and largp deviant

waveform (1500 Hz, blue) are shown. Scale bar is in pVolts
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Figure 36. MMN grand mean subtracted waveforms for the poorer CI group (n = 4) at the Fz-contra
electrode site for the small deviant (red) and large deviant Olue) stimuli. Scale bar is in pVolts.
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For both the large and small deviant stimuli, MMN was present at one or more montages for all 12 NH

subjects. For the CI group MMN was present at one or more montages for 9 of the 12 subjects for the

large deviant stimulus and for 7 of the 12 subjects for the small deviant stimulus.

P3a was present at one or more montages for I I NH subjects for both the large and small deviant

stimuli, and for 9 CI subjects for the large deviant stimulus and for 8 CI subjects for the small deviant

stimulus. A breakdown of the number of subjects who had identifiable MMN or P3a responses at the

separate electrode sites is shown in Table 35. The electrode montages that showed statistically

significant differences between the NH and CI groups (p < 0.05) are marked with an asterisk.

Deviant F3 Fz F4 c3 Cz c4 Pz

MMN large 12,8 ,t L2,9 * 12,8 12,9 12,lO 12,10 * I l,l0

MMN small 12,7 L2,7 10,7 12,8 12,8 12,8 12,8

P3a large 8,8 10,9 9.8 8,10 10,9 10,10 10,8

P3a small 9,6 10,6* 8,6* 9,5 l'0,4 10,4 * 9,4

Table 35. The number of subjects in the NH and CI groups (NH,CI) that had MMN or P3aresponses to

the large (1500 Hz) and small (1250 Hz) deviant stimuli for the seven electrode montages. The

montages that produced statistically significant group differences (p < 0.027) are marked with an asterisk

(*).

Due to the variability in the MMN and P3a responses, which resulted in different subject numbers

across groups at each electrode montage, a repeated measures analysis of variance with the two

deviants and the seven electrode montages as repeated measures was not performed. Also, because the

"poorer" CI subjects tended not to have an identifiable MMN, the CI subjects were treated as one

group only for the MMN and P3a analyses. Because of the large number of missing data points the
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statistical analysis of the MMN and P3a data for the two groups was performed separately for each

deviant stimulus at each electrode montage. The dependent variables in this analysis were MMN onset

latency, onset amplitude, offset latency, offset amplitude, duration, area, peak latency and peak

amplitude. For subjects that had no identifiable MMN, the statistical analysis was performed in two

different ways: with and without zero being entered into the data table for the nreasures of onset, peak

and offset amplitudes. No zero values were entered for the duration, area, peak latency, onset latency

and offset latency values. The technique of assigning a value of zero to missing amplitude values

where no peak is identified has been used by various authors (Oates and Stapells, 1997; Martin et al.,

1999). Criticisms of the technique of arbitrarily assigning a value of zero to peak amplitudes that can't

be identified are: (i) that this artificially increases subject numbers and, (ii) that a value of zero

microvolts is a legitimate value for an absolute amplitude response. Other commonly used techniques

for dealing with missing data points include using the group average value for the missing dependent

variable or extrapolating from the subject's other data points (Tabachnick and Fidell, 1996). These

techniques would not be appropriate in the present study because of the great response variability

across and within subjects. The technique of using zeros for absent amplitude values did not affect the

results in the present study as the only dependent variables that produced statistically significant group

differences were MMN onset latency and duration. MMN duration was calculated from peak onset

and peak offset latency values and not response amplitudes.

The large deviant stimulus resulted in significant group differences at three electrode sites, Fz, Hi and

C4. For two of the three electrode montages (Fz and F3) the dependent variables yielding significant

group differences were MMN duration and onset latency. The C4 electrode montage group difference

was present for MMN duration only. For all three montages (Fz, F3 and C4) the NH group had longer

MMN duration than the CI group (see Figure 37).
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The longest MMN duration for the NH group was at the F3 electrode nrlntage (158.56 ms, sd 55.15)

and the longest nnan duration for the CI group was at the C4 electrode montage (87.89 ms, sd 32.89).

MMN duration at Fz for the CI group was essentially the same (88.97 ms, sd 28.46) as at C4 however.

There were no significant MMN group effects for the small deviant stimulus. The results of the MMN

analysis are listed in Table 36.

Figure 37. Mean MMN duration values for the NH group (striped) and CI group (solid) at the three

electrode sites (Fz, F3 and C4) that yielded signfficant goup differences. Error bars show standard

errors of the ntean.
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Montage n (NH,CI) F(degrees of freedom) p

Fz 12,9 Main effect Group F(5,15) = 30.063 0.027

Dependent

variables

Duration F(1,19) = 120.618

Onset latency F(1,19) = 60.749

0.002

0.018

F3 11,8 Main effect Group F(5,14) = 30.604 0.026

Dependent

variables

Duration F(l,18) = 140.481

Onset latency F(1,18) = 80.099

0.001

0.011

C4 I1,9 Main effect Group F(7,14) = 30.661 0.019

Dependent

variable

Duration F(1,20) = 80.09 0.01r

Table 36. Significant group and dependent variable results for the large deviant MMN stimulus at the

electrode sites Fz, F3 and C4. Subject numbers (n) for the two $oups (NH,CI) are shown for each

result.

P3a

A surprising finding from the P3a results was the trend for larger P3a amplitudes in the CI subjects for

both the small and large deviant stimuli. Significant P3a group differences were found at the Fz, F4

and C4 electrode montages for the small deviant stimulus. These results are listed in Table 37 and

displayed in Figure 38. Overall there was a clear right hemisphere amplitude advantage in the P3a

results for the CI subjects, for both the small and large deviant stimuli. The CI group consistently had

the largest P3a amplitudes for both right-sided electrodes (F4 and C4) for the small deviant, and also at

F4 for the large deviant stimuli. Although there were no statistically significant group differences for

the large deviant stimulus, P3a amplitude differences between the NH and CI groups approached

significance at the F4 electrode site (p = 0.056). There were no significant group effects for P3a

latencv.
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Montage n(NHoCI) F(degrees of fteedom) p

Fz 10,6 Main Effect Group F(2,13) = 6.910 0.009

Dependent
variable

Amplitude F(1,14) = 12.335 0.003

F4 8,6 Main Effect Group F(2,11) = 9.660 0.004

Dependent
variable

Amplitude F(1,12) = 6.736 0.023

C4 10,4 Main Effect Group F(2,11) = 10.889 0.002

Dependent
variable

Amplitude F(1,12) = 12.247 0.004

Table 37. Significant group and dependent variable P3a results for the small deviant stimulus at the

electrode sites Fz, F4 and C4. Subject numbers (n) for the two groups (NH,CI) are shown for each

result.
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Figure 38. Mean P3a amplitude values for the NH group (striped bars) and CI group (solid bars) for the

three electrode montages (Fz, F4 and C4) yielding significant group differences to the small deviant

stimulus (1250 Hz). This figure illustrates the significant amplitude differences for the P3a response.

The NH group had similar P3a amplitudes across the three electrode sites whereas the CI group had the

greatest amplitudes for the right-sided electrode montages (F4 and C4). Error bars show standard errors

of the mean.

Summary of the Significant Findings from the MMN and P3a Data:

l. All NH subjects had a MMN response to both deviant stimuli whereas only 9 and 7 of the CI

subjects had a MMN response to the large and small stimulus respectively.

2. MMN duration and onset latency yielded significant group differences.

3. P3a amplitudes were larger for the CI group and centred over the right hemisphere.
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Rnr,lrroNsrup BurwEsN OrJncrrvE AND SwJrcrrw MsasuREs or IilrpLAr.IT Pgnronulncp

Bivariate correlations were performed to investigate possible relationships between the objective,

electrophysiological measures of implant performance in the CI group, and the behavioural nreasures

of implant performance (speech recognition scores and frequency difference limens). The effects of

subject characteristics (duration of profound deafiress, duration of implant use, durage and age) on

performance nrcasures were also investigated.

The behavioural measures of implant performance and the subject characteristics were correlated to

the amplitudes and latencies of the MLR, cortical, MMN and P3a peaks for each electrode montage.

Additionally, for the MMN data, onset and offset latencies and amplitudes, and MMN duration and

area were correlated with the behavioural and subject measures.

Correlations Between Behavioural Data and Subject Characteristics

There were statistically significant strong negative correlations between the subject characteristic

"duration of profound deafrress" and HINT sentence scores (r = -0.853, p <0.001), CNC phoneme

scores (r = -0.825, p = 0.001), CNC word scores (r = -0.809, p = 0.001) and the composite mean

speech score (r = -0.849, p <0.001). Similar statistically significant strong negative correlations were

found between "durage" (the duration of profound deafrress in years divided by age in years) and

HINT sentence scores (r = -O.743, p = 0.006), CNC phoneme scores (r = -0.627, p = 0.029), CNC word

scores (r = -0.652 , p = 0.022) and the composite mean speech score (r = -0.700, p = 0.01l). Thus

poorer speech recognition scores for all the test materials were associated with longer durations of

profound deafiress and larger durage values.
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Durage was also strongly correlated with DL (r = 0.748, p = 0.005), however this was caused by the

extremely large DL (1950 Hz) for one subject (number l0) who had the greatest durage value of the CI

group (0.33). Subject l0 was the youngest of the group (27 yens) and had been profoundly deaf for

nine years. If this subject is treated as an outlier and removed from the analysis then the correlation

between durage and DL is no longer significant (r = 0.307, p = 0,358). Duration of deafrtess was not

correlated with DL (r = 0.293, p = 0.355).

Correlations with MLR Electrophysiological Findings

Strong, statistically significant positive correlations were found for the C3-Al electrode montage

between Na latency and the nrean composite speech score (r = 0.718, p = 0.009), CNC phoneme scores

(r=0.730,p=0.007),CNCwordscores(r=0.681,p=0.015)andHINTsentencescores(r=0.703,p

= 0.011). Thus higher speech scores were associated with longer Na latencies. Weaker correlations

were found between Pb latency and DL (r = 0.579, p = 0.049), and Pb amplitude and age (r = 0.587, p

= 0.045). The C3-Al electrode montage produced significant MLR group differences for both the

two- and three-group analyses of variance. The same significant correlations between Na latency and

speech scores were found for the C3-Cv2 electrode montage, but the correlations were weaker: Na

latency versus CNC word scores (r = 0.614, p = 0.034), CNC phoneme scores (r = 0.604, p = 0.038),

and the mean composite speech score (r = 0.598, p = 0.040). The correlation between Na latency and

HINT sentence scores approached statistical significance at C3-Cv2 (r = 0.557, p = 0.060). There was

also a significant correlation between Pa latency and CNC word scores (r = 0.584, p = 0.046). The C3-

Cv2 montage showed significant group differences for the three-group analysis of variance only.

The pattern of significant correlations between Na latency and the speech recognition scores was seen

in the six other electrode sites, but the conelations tended to be not as robust as for the C3 montages

and not all of the speech materials produced significant correlations. CNC word and phoneme scores
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were the only measures that reached statistical significance at all eight electrode sites, with very little

difference between the two flleasures in the strength of the correlations.

The significant correlations between subject characteristics and the MLR data were all for amplitude

measures. The strongest correlations were at the Cz electrode site between Na amplitude and duration

of deafrress (r = -0.678, p = 0.015), and Pb amplitude and age (r = 0.683, p = 0.014). Pb amplitude

versus age was also significant at the C4-Cv2 electrode site (r = 0.624, p = 0.021) and at C3-Al (r =

0.587, p = 0.045), as rnentioned previously. Na amplitudes decreased with increasing duration of

deafrress and Pb amplitude decreased with decreasing age. The significant r and p values for the

Pearson's correlation analysis of the MLR data are listed in Table 38.
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Electrode Montage

c3-Al {, C3-Cv2 * Cz-contra Cz-Cv2

Correlations r p r p r p r p

Na lat
(ms)

Sentences 0.703 0.01I 0.648 0.023 0.588 0.044

Phonemes 0.730 0.007 0.604 0.038 0.708 0.010 0.639 0.025

Words 0.681 0.015 0.614 0.034 0,708 0.010 0.664 0.019

Mean score 0.718 0.009 0.598 0.040 0.695 0.0r2 0.636 0.026

Na amp

0.rv)
Dur of deaf -0.678 0.0r5

Pa lat
(ms)

Words 0.584 0.046

Pb lat
(ms)

DL 0.579 0.049

Pb amp

0rv)
Age 0.587 0.045 0.683 0.014

Correlations

Fz-contra Fz-Cv} c4-L2 C4-CvZ

r p r p p p r p

Na lat
(ms)

Sentences 0.639 0.025

Phonemes 0.709 0.010 0.619 0.032 0.579 0.049 0.605 0.037

Words 0.730 0.007 0.672 0.017 0.577 0.049 0.622 0.031

Mean score 0,698 0.012 0.616 0.033 0.592 0.043

Pa lat
(ms)

Phonemes 0.584 0.049 0.665 0.018

Words 0.581 0.048 0.581 o.M7 0.721 0.008

Mean score 0.644 0.019

Pb amp
(ms)

Age 0.624 0.021

Table 38. Statistically significant (p <0.05) correlations btween the MLR measures and the behavioural

performance (speech perception scores) and the subject factor Age, at the eight electrode sites. The

electrode sites that produced significant group differences in the two-and three-group analyses of

variance are marked with an asterisk (*).
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Correlations With Cortical Electrophysiological Findings

The correlation analysis for the cortical data was performed for the three stimulus frequencies (250 Hz,

I kHz and 4 kHz). The results are discussed separately for each frequency since the pattern of

correlations differed for the three stimuli.

250 Hz Stimulus

A strong significant negative correlation was found at the Cz--contra electrode montage between Nl

latency and duration of CI use (r = -0.712, p = 0.009). There was a weaker correlation between Pl

amplitude and duration of CI use (r = -O.634, p = 0.027). Nl was earlier and Pl was smaller in

subjects who had used an implant for longer, suggesting a change in cortical response morphology

associated with implant use. P2 latency was also correlated with duration of deafrtess (r = 0.664, p =

0.019) and negatively correlated with the speech scores: HINT sentences (r = -0.658, p = 0.020), the

composite mean speech score (r = -0.614, p = 0.025), CNC phonemes (r = -0.629, P = 0.029), and

CNC words (r = -0.585, p = 0.046). Thus shorter P2 latencies were associated with higher speech

recognition scores and shorter durations of deafrress. Speech perception scores were significantly

correlated with P2 latency at all four electrode sites, with the strongest correlations found at C4. The

C4 electrode site was the only site that did not show significant group differences in the analyses of

variance. The Pearson correlation r and p values for the cortical data are listed in Table 39.
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Electrode Montage

Correlation

Cz-contra * Fz-contra * c3-A1* c4-L2

r p r p r p r p

Pl amp

0rv)
Dur of CI -0.634 0.027 -0.798 0.002 -0.696 0.0r6

Pl lat
(ms)

Dur of CI 0.677 0.016

Nl lat
(ms)

Dur of CI -0.712 0.009 -0.676 0.016 -0.688 0.0r3

P2lat
(ms)

Dur of deaf o.6u 0.0r9 0.689 0.013 0.682 0.015 0.700 0.01I

Sentences -0.658 0.020 -0.690 0.0r3 -0.675 0.016 -0.723 0.008

Phonemes -0.629 0.029 -0.661 0.019 -0.651 0.022 -0.73 r 0,007

Words -0.585 0.046 -0.602 0.038 -0.606 0.037 -0.677 0.016

Mean score -0.641 0.025 -o.670 0.017 -0.662 0.019 -0.726 0.008

Table 39. Statistically significant (p < 0.05) correlations between the cortical results (25OHz stimulus)

and the behavioural performance (speech perception scores) and subject factors, duration of CI use @ur

of CI), and duration of deafiress (Dur of deaf). Asterisks (*) indicate the electrode sites that showed

signfficant group differences in the cortical two- and three-group analyses of variance.

1 kHz Stimulus

There were much fewer significant correlations for the I kHz stimulus than for the 250 Hz stimulus.

At the Fz electrode site PI amplitude was negatively correlated with duration of CI use (r = -0.598, p =

0.040). This same relationship between Pl amplitude and duration of CI use was seen in the 250H2

data at the Fz, Cz and C4 electrode sites. There was a correlation between Nl amplitude and duration

of CI use at both the Cz (r = 0.689, p = 0.013) and C4 (r = 0.591, p = 0.043) electrode sites. At 250

and I kHz Pl was smaller and at I kHz Nl was larger in subjects who had used an implant for a longer

time. At C3 there was a correlation between Pl amplitude and age (r =A.622, p = 0.031). Pl was
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larger in older subjects. The same effect was seen for Pb in the MLR data at the C3-Al, C4-Cv2 and'

Cz-contra electrode sites (most authors believe Pb and Pl are equivalent).

4 kHz Stimulus

There were also few significant correlations for the 4 kHz stimulus frequency. Nl amplitude was

correlated with DL at Fz (r = O.647, p = 0.023) and at C3 (r= 0.634, p = 0.027). Larger Nl amplitudes

were associated with larger difference limens. These were the only correlations found between the

cortical data and DL. However, when the CI subject with the extremely large DL (subject l0) was

treated as an outlier and removed from the analysis, the correlations between DL and Nl amplitude at

the Fz and C3 electrode sites were no longer significant. P2 amplitude was negatively correlated with

duration of deafrress (r = -O.623, p = 0.030) at the C3 electrode site, and with sentence scores (r =

0.610, p = 0.035) at the C4 electrode site. P2 amplitude was smaller in subjects with longer durations

of deaftress and larger in subjects with higher sentence scores. The only other correlation with P2 was

seen for P2 latencies at 250 Hz. At 25OHz P2 latency was longer in subjects with longer durations of

deafrress and shorter in subjects with better speech scores.

Correlations with the Large Deviant (1500 Hz) Stimulus, MMN and P3a Electnophysiological

Results

MMN

Significant correlations between MMN duration and speech recognition scores were found at the F3

electrode site for the composite mean score (r = 0.758, p = 0.029), HINT sentence scores (r = 0.755, p

- 0.030), CNC words (r = 0.747, P = 0.033) and CNC phonemes (r =O.712, p = 0.048). Similar, but

weaker, correlations were found at the Fz electrode site for the composite nean score (r - 0.685, p =

0.042), CNC words (r = 0.682, p = 0.043) and CNC phonemes (r = 0.681, p = 0.044). The correlation
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between MMN duration and HINT sentence scores approached statistical significance at Fz (r = 0.663,

p = 0.051).

Strong correlations were found between MMN onset amplitude and DL (r = -0.918, p = 0.001) and

MMN onset amplitude and durage (r = -0.883,p = 0.004) at the F4 electrode site, however both of

these measures are affected by one of the CI subjects (subject l0) having an extrernely large DL and

durage value. Duration of deafrress was not correlated with any of the MMN nrcasures. There was a

negative correlation between MMN area and age (r = -0.769, p = 0.026) at F3. Thus MMN was

smaller in older subjects. Significant MMN group differences were found for the large frequency

(1500 Hz) deviant stimulus only at the Fz, F3 and C4 electrode montages. These montages are marked

with an asterisk in Table 40. There were no signfficant correlations between any of the MMN

measures at the Cz and C3 electrode sites. The most interesting MMN correlations appear to be the

finding that greater MMN duration for the large deviant stimulus is related to better speech recognition

scores.
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Electrode Montage

Fz-contra * F3-contra * C4-contra'r F4-contra Pz-contra

MMN correlation r p r p r p r p r p

Area (ms
x trv)

Age -0.769 0.026

Dur of
CI

-0.584 0.046 -0.590 0.@4

Onset
Lat (ms)

Dur of
deaf

0.695 0.038

Durage 0.694 0.038

0nset
Amp
(pv)

DL -0.918 0.001

Durage -0.883 0.004

Duration
(ms)

Sentence 0 0.755 0.030

Phoneme 0.681 0.044 0;712 0.048

Word 0.682 0.043 0.747 0.033

Mean
score

0.685 0.M2 0.758 0.029

Table 40. Statistically significant (p < 0.05) correlations for the large deviant stimulus (1500 Hz)

between the dependent variables MMN area (Area), MMN onset latency (Onset L), MMN onset

amplitude (Onset A), MMN duration at the electrode montages (Fz, F3, F4,Pz and C4) and the subject

factors, duration of CI use (Dur of CI), duration of deafrress (Dur of deaf), age, durage, and the

behaviouralperformance factors, difference limen (DL), and speech perception scores. The asterisk (*)

indicates the electrode sites that showed significant group differences in the analyses of variance.

P3a

The most consistent relationship seen in the P3a data was the significant correlation between P3a

amplitude and duration of CI use that was found at four electrode sites (Fz, F3, F4 and C4) (see Table

4l). The strongest correlation was at Fz (r = 0.788, p = 0.002). P3a was bigger in subjects who had

used an implant longer. There was a strong negative correlation between P3a amplitude and duration
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of deafiress at the F3 electrode site (r = -0.896, p = 0.003), thus smaller P3a amplitudes were

associated with greater durations of deafrress. There was also a strong correlation between P3a

amplitude and DL at the C4 electrode site (r =0.733, p = 0.007). However, this was due to subject l0

being an outlier, and this correlation was no longer significant when this subject was removed from the

analysis.

Fz-contra F3-contra C4-contra F4-contrs

P3a correlation r p r p r p r p

P3a Amp Dur of CI 0.788 0.002 0.826 0.01I 0.663 0.019 0.7t4 0.M'1

Dur of
deaf

-0.896 0.003

Table 41. Statistically significant (p < 0.05) correlations for the large deviant stimulus (1500 Hz)

between the dependent variable P3a amplitude (P3a Arp) at the electrode montages (Fz, F3, F4, and C4)

and the subject factors, duration of CI use (Dur of CI) and duration of deafrress (Dur of deaf), and the

behavioural performance factor, difference limen (DL).

Conelations with the Small Deviant (1250 Hz) Stimulus, MMN and P3a Electrophysiological

Results

MMN

Overall there were much fewer significant correlations between the electrophysiological results for the

small deviant (1250 Hz) stimulus than were found for the large (1500 Hz) deviant stimulus. If there

was a measurable MMN present for the small deviant stimulus it was often of very small amplitude,

particularly for the poorer CI group (see Figures 35 and 36). The most consistent finding was a series

of negative correlations between MMN offset latency and duration of CI use at four electrode sites (F4

(r=-0.925,p=0.003),C3(-0.848,p=0.008),C4(r--0.760,p=0.029)andFz(-0.801,p=0.030)).

Thus, the greater the duration of CI use, the earlier the offset latency. This may be related to an
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increase in P3a amplitude with increasing CI use causing a positive shift in the deviant stimulus

waveform in the region of MMN offset or greater CI use leading to an earlier MMN. A significant

increase in P3a amplitude was seen for the large deviant but not the small deviant stimulus however.

At Pz, MMN duration was negatively correlated to duration of CI use (r = -0.777, p = 0.023). At Cz,

MMN offset amplitude was correlated with duration of deafiress (0.762, p = 0.028). Thus MMN was

shorter in subjects using an implant longer and offset amplitude was more positive in subjects with

longer durations of deafrress. There were no significant MMN group effects in the analysis of variance

results for the small deviant stimulus.

P3a

Although significant P3a group effects were found in the analysis of variance at the Fz,F4 and C4

electrode sites there was only one significant negative correlation seen, which was at the Fz electrode

site between P3a latency and duration of CI use (r = -0.873, p = 0.023). Thus earlier P3a latencies

were associated with longer CI use. The relationship between P3a amplitude and speech perception

approached significance at Fz (composite mean speech (r = 0.571, p = 0.052), CNC words (r = 0.566,

p =0.055), CNC phonemes (r=0.560, p=0.058), andHINT sentences (r=0.556, p=0.060)). This

trend in the data indicated higher speech scores in subjects with larger P3a amplitudes. This is

consistent with P3a amplitude for the large deviant stimulus being greater in subjects with shorter

durations of deafrress and longer durations of implant use.
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DISCUSSION

The present study was undertaken to examine the relationship between electrophysiological and

behavioural measures of the central auditory processing abilities of a group of adult experienced

cochlear implant users and to compare these to a control group of normal hearing age matched

subjects. The main finding was that the middle latency response and cortical responses were markedly

similar for both groups except for the low frequency cortical responses that differed significantly

between the groups. Mismatch negativity and P3a were cleady sensitive to group differences, with the

poorer CI subjects typically having either absent or small amplitude MMN and, unexpectedly, the

majority of the CI subjects having a robust P3a response.

The discussion begins with the behavioural results of the implant group, then examines the similarities

and differences between the auditory evoked potentials of this group compared with the normal

hearing control group. Lastly, the relationships between the evoked potentials and performance factors

of the implant group are discussed.

The original study design was expected to result in a range of performance amongst the CI subjects as

they were randomly selected from the available adult cochlear implant users who were able to

participate in the study. However there was an unexpected clear separation in the speech scores that

resulted in a group of eight subjects with excellent speech scores and a group of four poorer

performers who had significant difficulties in understanding open set speech. Therefore some

additional statistical analyses were performed to compare the performance of the "better" and "poorer"

performers to the normal hearing control group.
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Bnnevrounal Rnswts

Speech Perrception

The study clearly demonstrates that duration of deafrress is a critical factor in determining a successful

outcome with a CI. This finding is consistent with many other studies in the implant literature

showing that duration of profound deafrress prior to implantation is one of the main factors influencing

implant outcome (Blamey et al., 1992; Gantz et al., 1993; Shipp and Nedzelski, 1994; Shepherd et al.,

1997; van Dijk et al., 1999). The correlations were almost identical (-.859 < r 2 -.809, and p < .001)

for all the speech materials; sentence scores, single words, phonemes and the composite speech score.

Significant negative correlations between o'durage" (the duration of profound deafrtess in years divided

by age in years) and all the speech scores were also found in the present study. However, the

correlations with "durage" and the speech scores were weaker, the strongest correlation was for

sentences (r = -.743, p = .006) and the weakest for phonemes (r = -.627, P = .029). Thus, in contrast to

Shipp and Nedzelski (1994), durage was not a more sensitive indicator of success than duration of

deafrress. This may have been due to subject differences between the two studies. In the Shipp and

Nedzelski study the subjects had more years of profound deafrress. Mean age was similar (47 .2 yearc

in the Shipp and Nedzelski study compared with 50.3 years in the present study), however, in the

Shipp and Nedzelski study the mean durage value was 0.28 and the duration of deafness was 12.3

years compared with the present study where the mean durage value was 0.11 and the mean duration

of deafness was 5.5 vears.

Frequency Discrimination

This study demonstrates the remarkably good frequency discrimination ability of the majority of the CI

subjects. There was only a very slight non-significant trend towards poor frequency discrimination

resulting in poor speech perception. After treating subject ten as an outlier (this subject was

distinctively different from the other subjects, in that they found the task extremely difficult and had
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the poorest frequency difference limen, 1950 Hz, compared with the next poorest of 49 Hz), no

relationship was found between frequency discrimination as measured on the psychoacoustic task and

any of the behavioural speech perception measures. There is little published literature on the

frequency discrimination abilities of CI users, however, there are several conflicting studies on pitch

ranking of electrodes. Using adult Nucleus 22 CI users, Ash and Shallop (1995) investigated

relationships between MMN and P3, speech perception and a psychoacoustic task to pitch rank the

electrodes and found no significant relationships between the ability to pitch rank an apical-basal pair

of electrodes and speech perception abilities. In contrast, Dorman and colleagues @orman et al.,

1990) found that three good CI users could perceive a wider range of pitch than two poor users. There

were only five subjects in this study, however. In a later, more comprehensive, study significant

correlations were found between speech understanding and frequency discrimination, with stronger

correlations for the lowest fundamentalfrequencies of speech (125 - 900 Hz) than for higher

frequencies (Dorman et al., 1996). Dorman et al. (1996) concluded that there was a relationship

between discrimination of small differences in frequency and high levels of speech identification.

There were significant differences between the methodology and implant design used in the study by

Dorman et al. (1996) and the present study, however. The present study used much higher frequencies

in the pyschoacoustic task (1000 - 3000 Hz) and the NucleusCI-22 implant system. In the Dorman et

al. (1996) study, the subjects used the Ineraid cochlear implant that has a four channel analogue signal

processor which stimulates the inner ear directly.

In the present study speech scores were higher for the vowel component of the CNC words than for the

consonant component. The mean vowel scores were 83.7Vo and,54.5?o for the better and poorer CI

groups respectively, whereas the higher frequency consonant scores were 6'l.UVo and29.5Vo for the

better and poorer CI groups. There were no significant correlations between frequency discrimination

at 1000 Hz and vowel and consonant scores. It is possible that a better relationship between frequency

discrimination and speech scores would have been seen if low frequency stimuli were used. An area
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of future research could explore further the low frequency discrimination of multiple-channel CI users

and its relationship to speech perception abilities.

ElpcrnopnYsrolocrcAl REsuLTs

General Characteristics of Evoked Potentials in CI versus NH Groups

Stimuli were presented using a loudspeaker for the CI subjects rather than direct electrical stimulation

of the implant electrodes in order to provide a direct comparison to the NH group. It is possible that

timing jitter within the speech processor could increase the variability of AEP latency and amplitude

resulting in some smearing of the waveforms. However, this is likely to be small given that the jitter is

in the order of about 4 msec (Clark et al., 1987) compared to the latency of the AEP components

measured. This is supported by the substantial similarity of the low frequency cortical responses.

MLR Group Differences

A striking finding of the MLR paradigm used was the general similarity of the MLR results between

the groups. There was a trend for the NH group to have a larger Pa amplitude and a smaller, more ill-

defined Pb than the CI group (see Figure l2), but these differences did not reach statistical

significance. The CI group's MLR waveforms were characterised by being more negative in the early

sections of the waveform but then showed a comparatively well formed Pb that was more positive than

that of the NH group. However the inter-subject variability of both groups was large and this may

have contributed to the lack of any strong statistical findings of group differences. The similarity

between the CI and NH results is consistent with the findings of Gardi (1985) who reported similar

latencies and amplitudes between NH and CI subjects. In the present study there were no significant

latency differences for any of the waves at the eight electrode montages. There was only one
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significant group difference, which was for Na amplitude, with the CI group having a more negative

Na than the NH group at the C3 electrode montage.

MLR Paradigm

The MLR paradigm that was chosen for this study, which utilised a slow rate of 1.1/s, did not

generally result in the expected enhancement of Pb, as was found in the study by Nelson et al. (1997)

who reported that this slow rate was optimal for Pb enhancement. Neither the NH, nor the CI subjects

had very clear Pb waveforms, and although Pb appeared to be larger and more distinct in the CI group,

this result did not reach statistical significance. Interestingly, these results are more consistent with

those of Buchwald et al. (1992), who studied the MLR in normal and autistic subjects and found that

the amplitude of Pb (referred to as Pl by Buchwald et al.) markedly decreased in normal hearing

subjects with a rate change from .5/s to l/s, and disappeared with rates greater than 1/s. This reduction

of amplitude for the more rapid rates did not occur in the autistic subjects. Sorne investigators, @rwin

and Buchwald, 1986b; Kraus et al., 1992; Nelson et al., 1997) believe that Pb and Pl are the same

waveform, recorded using the MLR and cortical paradigms respectively. In the present study there

was a trend of increasing Pb/Pl amplitudes across the groups from the smallest amplitude in the NH

group, increasing for the better CI, to the greatest amplitude for the poorer CI group. This suggests

that an abnormally large Pb/Pl may be an indicator of abnormal auditory processing.

A partial explanation for the difference in the results of the present study to those of Nelson et al.

(1997) may be the recording sequence. Throughout the recording session the subjects in the present

study were watching subtitled videos. The MLR recordings were made immediately after the MMN

recording. While brief conversations were held with the subjects to ensure that they were alert prior to

the MLR recordings, it is possible that they were in a more relaxed state and had a lower level of

arousal during the MLR recordings compared to the start of the recording session. This may have
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r contributed to the poor Pb amplitudes that were recorded particularly for the NH subjects, and could

explain some of the discrepancy between the present study and Nelson et al. (1997).

The trend for the poorer CI group to have the greatest Pb amplitudes and the NH group to have the

smallest, was also found in the cortical Pl amplitudes for the 250llz and t kIIz stimuli. Pl

enhancement in the poorer CI subjects was not seen in the 4 kHz results, but this may reflect the

overall small amplitudes of the 4 kHz cortical response in the poorer CI subjects, compared with the

responses of the better CI and NH groups (see Figure 26). Despite the small subject numhrs, Pb/Pl

enhancement in the poorer CI subjects appeared to be a robust finding because it was seen using both

the MLR and cortical paradigms, which differed in their filter settings and stimuli, but used the sanp

stimulus deliverv rate.

Based on animal studies, proposed generator sites for Pb include portions of the midbrain involving the

reticular activating system with projections to the thalamus (Harrison, Woolf and Buchwald, 1990;

Woolf, Harrison and Buchwald, 1990; Kraus et al., 1992). The reticular activating system is known to

regulate the levels of sleep and wakefulness in humans (Boop et al., 1994; Boutros and Belger, 1999;

Oranje, van Berckel, Kemner, van Ree, Kahn and Verbaten, 1999). In humans, Pb is greatly affected

by subject state and level of arousal (Erwin and Buchwald, 1986a), and similarly in animals (Kraus et

al.,1992; Miyazato, Skinner, Cobb, Andersen and Garcia-Rill, 1999a; Miyazato et al., 1999b), with Pb

amplitude decreasing with low levels of arousal and abolished during slow wave sleep.

Researchers have suggested that increased Pl amplitudes (or decreased habituation) are consistent with

a sensory gating defect at the brainstem level in humans with lesions of the frontal lobe (Ifuight et al.,

1989a; Alho, Woods, Algaz| Knight and Naatanen, 1994), Alzheimer's disease, (Nelson et al., 1997),

dementia (Green, Flagg, Freed and Schwankhaus, L992), and post traumatic stress syndrome (Gillette,
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Skinner, Rasco, Fielstein, Davis, Pawelak, Freeman, Karson, Boop and Garcia-Rill, 1997; Skinner,

Rasco, Fitzgerald, Karson, Matthew, Williams and Garcia-Rill, 1999). Boutros and Belger (1999)

defrned sensory gating as the ability of the brain to modulate its sensitivity to incoming sensory

stimuli. This definition allows the concept of gating to include both the capacities to minimize or stop

responding to incoming irrelevant stimuli (gating out) and to respond when a novel stimulus is

presented or a change occurs in ongoing stimuli (gating in). Ifuight et al. (1989a) suggested that Pl

enhancement could be due to a reduced input from the frontal cortex that is known to npdiate thalamic

gating. The CI subjects in the present study had relatively large Pb and Pl amplitudes. It is possible

that the CI subjects may have poorer sensory gating of incoming auditory stimuli due in part to their

duration of profound deafrress and cortical re-organisation resulting from the lack of auditory

stimulation prior to cochlear implantation.

In the present study the CI group had larger Pl amplitudes than the NH group for the I kHz and 250

Hz stimuli at all four electrode montages (see Figure 24 and,Table 20). The NH group had slightly

greater Pl amplitudes for the 4 kHz stimulus. The differences in Pb/Pl between the NH and CI groups

suggest that, either because of the period of prolonged deafness leading to degenerative changes within

the central auditory system and/or the unnatural electrical stimulation from the implant, the poorer CI

subjects have altered or decreased sensory gating compared with normal hearing individuals which

resulted in larger Pb/ Pl responses. Since the experimental paradigm was not designed specifically to

test sensory gating, further research is needed to verifo this possibility.

Coftical Group Dffirences

A striking characteristic of the cortical data is the clear resemblance of the CI results to the NH results

when the overall morphology of the waveforms is examined (see Figure l9). In the grand mean

waveforms the similarity is strongest for the 250 FIz responses and there are greater differences for the
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higher frequency stimuli. For the CI group the Nl responses to the I l<tlz stimulus are smaller in

amplitude and for the 4 kHz stimulus, both Nt and P2 responses are noticeably poorer than in the

control group. This trend for poorer 4ldfz responses was also clearly evident when the CI subjects

were divided into the two groups of better and poorer CI users, with the poorer group having the

smaller cortical responses. All CI subjects could detect the 4 kHz stimulus behaviourally, so Nl

should be present for the 4 WIz stimulus if this response characterises signal detection (Naatanen and

Picton, 1987; Martin and Boothroyd, 1999; Stapells, 2001). The pattern of reduced Nl amplitudes in

the CI subjects was significant for the 4 kHz and I kHz stimuli, with the NH group having

significantly greater Nl amplitudes than both CI groups. This is similar to the results of Micco et al.

(1995) who examined P3 and cortical Nl-P2 responses in a group of adult implant users and also

found smaller Nl amplitudes in the CI users compared with the NH subjects in their study.

A possible explanation for the clear cortical responses seen in the CI subjects despite poor speech

recognition scores in some cases may be found in functional MRI studies. Using functional MRI

Rauschecker (1998) found that, in adults with normal hearing, pure tone stimuli gave rise to limited

activation in small areas of the primary cortex, whereas bandpass noise and speech phonemes led to

more extensive areas of activation including regions of non-primary cortex. Stimulation with

phonemes led to asymmetrical responses between hemispheres, with greater activation in some cases

in the left hemisphere. This suggests that only a small area of primary auditory cortex is required for

normal tonal detection and generation of a cortical evoked potential. Thus even with extensive cortical

degeneration or reorganisation the CI subjects' auditory cortex should be able to generate a cortical

evoked potential.

In contrast to Ponton et al.'s (1995;.1996b) studies that found earlier Nl latencies in the CI subjects

compared to the NH subjects, there were no significant Nl latency group differences in the present

study. Ponton et al. (1995; 1996b) proposed that the earlier latencies may have been caused by
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increased neural synchronisation due to the electrical stimulation. In the present study stimulus

delivery was in the sound field as opposed to the direct stimulation of the CI electrodes used in the

Ponton et al. studies. Additionally Ponton et al. (1995; 1996b) used brief electrical pulse stimuli (200

pslphase biphasic pulses) as opposed to the tonal stimuli (60 ms) used in the present study.

The pattern of delayed Pl latencies and greater Pl amplitudes in the CI group is consistent with the

findings of Ponton and colleagues (Ponton et al., 1996a; Ponton et al., 1996b; Eggermont et al., 1997;

Ponton et al., 1999; Ponton et al., 2000). These studies found that the level of maturational

development of the cortical responses in profoundly deaf children who received a cocilear rrplant

might not reach that of children with normal hearing, resulting in later and larger Pl responses in the

children with CIs. Ponton's data indicate that the relationship between the period of prolonged

deafrress, the chronological age of the child prior to receiving the implant and the period of time since

receiving the implant will determine how "normal" like the cortical responses may becorne. Ponton et

al. (1999) proposed that maturational changes might not occur after the age of 15 years. These

findings support the use of cochlear implants in profoundly deaf children at as early an age as is

possible, to enable the maturational process of the auditory cortex to proceed. Presumably more

normal cortical evoked potentials are associated with more nornal central auditory function and

therefore better language and auditory communication skills in these children.

When the better and poorer CI subjects were separated, the poorer CI group had consistently later Pl

latencies for all four electrode montages, for all three stimuli. Based on Ponton's data this would be

expected, as the poorer CI subjects had a longer period of profound deafrress prior to implantation.

For the CI group in the present study Pl amplitude was significantly greater and Pl latencies were

significantly delayed for the 250H2 stimulus. Although the CI subjects had varying durations of

t72



profound hearing loss, all had some hearing in early childhood. Thus it is not clear whether the

abnormal Pl results reflect immature development of the cortical evoked potential, or a change in

cortical function either as a result of a period of profound deafrress or due to using an implant.

Longitudinal evoked potential recordings in deafened adults beginning immediately after implantation

would clarify this.

MMN Group Differences

Overall, the NH group had better MMN responses to both deviant stimuli than the CI group but,

similar to the cortical responses, the general morphology of the MMN waveforms in the CI group was

more clearly defined than the morphology of the MLR responses. The two-deviant oddball paradigm

was successful in being able to demonstrate an electrophysiological difference between the better and

poorer CI groups, a difference that was also found in the speech perception testing. There was a strong

tendency for the poorer CI subjects to have a small or not measurable response to the smaller deviant

(1250 Hz) stimulus. Similarly, the response to the large deviant stimulus, if present in the poorer CI

subjects, was smaller in amplitude than that of the better CI subjects. Several studies (Kraus et al.,

1993; Ash and Shallop, 1995; Groenen et al., 1996a) using either tonal or speech stimuli have also

found no measurable MNN in poorer performing CI subjects. In the present study, the MMN criteria

that produced significant group differences were duration and onset latency. This result is consistent

with McGee et al. (1997) that MMN duration, onset latency and area were the best indicators that a

valid MMN response had been recorded.

P3a Group Dffirences

The finding of greater P3a amplitudes at the frontal electrodes and greater amplitudes with large

deviant stimuli is consistent with previous studies (Ivey and Schmidt, 19931, Comerchero and Polich,

1998; Katayama and Polich, 1998; Polich, 1998). However, the CI responses were unusual in that a
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robust P3a was recorded from both the poorer and better CI subjects without a preceding MMN

response in some instances. There are no other reports of an enhanced P3a response in CI subjects,

however this is an interesting finding in the light of some evidence from the psychiatric literature that

the P3 responses reflect the sensory gating abilities of an individual (Schall and Ward, 1996; Bender,

Schall, Wolstein, Grzella, 7*rbin and Oades, 1999). The scalp distribution of P3a is predominantly in

the frontal areas of the cortex (Squires et al., 1975; Polich, 1989). The prefrontal cortex provides both

inhibitory and excitatory input to distributed neural circuits required to support performance in diverse

tasks. Prefrontal damage can disrupt the inhibitory modulation of inputs to primary sensory cortex,

perhaps through abnormalities in a prefrontal-thalamic sensory gating system (Kaas and Hackett,

1998). Perhaps the differences seen in the P3a responses of the CI subjects relate to the degenerative

changes within their central auditory system as a result of their years of profound deafiress which result

in differences in their sensory gating of incoming stimuli. This finding of enhanced P3a responses in

the CI subjects is consistent with larger Pb responses seen in the MLR recordings and the large

amplitude Pl responses seen in their cortical recordings, since Pb/Pl is also thought to reflect sensory

gating (Knight et al., 1989a; Boutros and Belger, 1999).

The present study used a passive paradigm that required no subject co-operation and there is little

published literature on P3 evoked potentials recorded in CI subjects using a passive paradigm (Kileny,

1991). Typically an active paradigm which requires the subject to either count or push a button to

each deviant stimuli as it is presented has been used (Oviatt and Kileny, l99l; Ash and Shallop, 1995;

Groenen et al., L996a; Okusa et al., 1999). These studies using an active paradigm have found that

poorer performing CI subjects have delayed P3b latencies to tonal stimuli compared to better

performing CI subjects and normal hearing subjects. Absent P3b responses to speech stimuli have

been reported in a o'poor" CI user (Micco et al., 1995) and to tonal stimuli in two other poor users

(Oviatt and Kileny, 1991; Jordan et al., L997). Interestingly, in the present study there was a strong

negative correlation between P3a amplitude and duration of deafrress, with smaller P3a amplitudes
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being associated with greater periods of deafness. Kaga et al. (1991) reported initially small P3

amplitudes in a single subject that increased in size in the following three months as the discrimination

ability of the subject improved. In the present study there were strong positive correlations between

duration of implant use and P3a amplitude, with P3a amplitude increasing as duration of implant use

increased, which is consistent with the finding of Kaga et al. (1991). Thus, although the present study

used a passive paradigm there were some similarities between the results from the passive paradigm

and previously reported P3 results obtained using an active stimulus paradigm.

The finding that P3a amplitude was greater in individuals with shorter durations of profound deafrress

and longer durations of implant use suggests that, if this does reflect a difference in sensory gating

between CI users and normal hearing listeners, that this may be related in a complex way to the change

in auditory stimulation with profound deafrress which is followed by electrical stimulation with a

cochlear implant.

Recording Electrode Effects

Choice of reference electrode for MLR recordings

The reference electrode sites used in the present study were the ipsilateral and contralateral earlobes

and the neck (2nd cervical vertebra, Cv2). There were no significant differences in amplitudes between

the earlobe versus neck reference sites. This contrasts with the findings of Nelson et al. (1997) who

recorded larger MLR amplitudes with a neck reference electrode. In the present study there was a

trend for larger amplitudes to be recorded at the neck reference sites, but this did not reach statistical

significance. The lack of statistical significance may have been due to the large inter-subject

variability which, as previously mentioned, was a problem with the MLR responses. Erwin and

Buchwald (1986b) also found no significant difference between reference electrodes when they

compared MLR recordings obtained with either a mastoid or a noncephalic sternovertebral reference

efectrode. In contrast to Nelson et al. (1997) and the present study, Erwin and Buchwald (1986b)
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found a trend towards larger amplitudes with the mastoid reference. Overall these three studies

indicate that there is no consistent difference between MLRs obtained with neck and ear reference

electrodes, and both sites have their disadvantages. A neck electrode can sometimes be dislodged with

subjects' neck movements and a mastoid or earlobe electrode can pick up contamination of the MLR

by the postauricular muscle artifact (PAM) which is a large amplitude response in the latency range of

Na. Patuzzi and O'Beirne (1999) suggest that this artifact can be reduced by controlling subjects'eye

movernents however.

MLR Hemispheric Asymmetry

The majority of studies that have investigated the laterality of the MLR have found no hemispheric

differences. Deiber and colleagues (Deiber, Ibanez, Fischer, Perrin and Mauguiere, 1988) reported

that the amplitude of Pa is greatest in the midline and smaller over the temporal lobes, consistent with

the existence of symmetrical MLR generators in each hemisphere. lbanez, Deiber and Fischer (1989)

also reponed no significant latency or amplitude MLR differences over the ipsilateral or contralateral

hemispheres with either left or right ear stimulation in a group of normal hearing adults using a click

stimulus. Similar results have been reported in several other studies (Kraus et al., 1982; Ozdamar and

Kraus, 1983; Woods et al., 1987). Deiber et al. (1988) also found no hemispheric lateralization effects

for Pa in normal hearing adults, however, Na was reported to "culminate" over the hemisphere

contralateral to the ear stimulated, but this asymmetry was not significant.

Musiek and colleagues (Musiek, Charette, Kelly, Lee and Musiek, L999) found that latency measures

were insensitive to central auditory abnormalites in patients with central nervous system lesions.

Amplitude measures were more sensitive and Musiek et al. (1999) suggested that a greater than207o

amplitude difference in contralateral stimulated recordings measured over C3 versus C4 would be a

useful diagnostic measure. The results of the present study are consistent with the findings of Musiek

et al. (1999) in that were no significant latency differences between the groups, and there was an

asylnmetrical distribution of Na amplitude that was significant at the C3 site. Although it was not
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possible to investigate hemispheric differences completely (binaural implants would be required for

this), this result suggests that there may be hemispheric differences with CI stimulation. A possible

future research area could lie in the investigation of evoked potential hemispheric distribution as part

of the binaural implant studies that have commenced in several overseas research centres.

C ortical Ip silalerallContralate ral Asymrnetry

The NH subjects' cortical responses to the low frequency (250 Hz) stimulus demonstrated the expected

results of earlier contralateral Nl latencies than the ipsilateral responses (rnean contralateral results at

250H2,8.86 ms earlier, 0.34 1tY larger), consistent with previous studies investigating the laterality of

cortical responses (Jacobson et al., 1992; Verkindt et al., 1995). There were only very slight

hemispheric differences for the I kHz and4 kHz stimuli in the NH subjects.

Results from the l0 CI subjects with a right-sided implant differed from those of the NH subjects in

that the CI subjects' results were much more symmetrical. There was little difference between the C3

and C4 Nl latencies and amplitudes (less than 2 ms latency difference and less than I pV amplitude

difference for all three stimulus frequencies). The two CI subjects who had left sided implants

demonstrated the same trend of symmetrical N1 responses.

The finding of more symmetrical Nl latencies and amplitudes in the CI group is consistent with

previous studies (Vasama, Makela, Pyykko and Hari, 1995; Vasama and Makela, 1997) using patients

with unilateral sensorineural hearing losses. Vasama and Makela (1997) tested subjects who had a

profound unilateral loss since childhood and found that they had more prominent P1-N2 responses,

which they described as more "child like", as well as more s)mlmetrical than normal responses. Many

researchers (Kurtzberg, Hilpert, Kreuzer and Vaughan, 1984; Ponton et al., 1996b; Sharma et al.,

1997) have demonstrated that infants' and young childrens' cortical responses are dominated by Pl
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with P2 emerging later. Vasama and Makela (1997) suggested that the immature appearance of Pl-N2

in their subjects with unilateral deafrress probably reflected the delayed development of Nl, due to

decreased inter-hemispheric connections. The finding of decreased hemispheric cortical asymmetries

is also consistent with the observations in the Ponton et al. (1999) study of adult CI users with late

onset deafiress, and an animal study (Popelar et al., 1994) showing rapid cortical re-organisation

indicated by enhanced ipsilateral cortical responses within weeks of unilateral cochlear destruction.

Receiving a unilateral CI following a period of bilateral deafrrcss may be similar to a unilateral

deafiress in terms of the cortical reorganisation that can occur. The potential for cortical reorganisation

may be diminished because of more central deprivation effects resulting from a greater period of

profound deafness. Therefore the duration of deafrress prior to receiving an implant may be correlated

with the degree of ipsi-contra difference in Nl latencies.

One of the CI subjects (number 10), who was the youngest of the group, had the poorest frequency

discrimination (1950 Hz), the greatest durage value (0.33), and had the third poorest speech scores

(35Vo on HINT sentences). In this subject the ipsilateral Nl was considerably earlier than the

contralateral response to the 250I12 stimulus (74.80 ms ipsilaterally and 90.43 ms contralaterally).

This subject had cortical responses that were similar to those described by Ponton et al. (1996b; 1996;

1999) for young normal hearing children or implanted children, with an immature Nl response and

Iarge amplitude Pl. The maturational sequence of Pl in young children is that it first appears as a

large amplitude, positive response that has a latency similar to the adult Nl response. This large late

Pl typically decreases in amplitude and latency as the Nl-P2 response matures and becomes more

prominent, reaching adult like latencies and amplitudes by about age L2 (Ponton et al., 1996a;Ponton

et al., 1996b). Subject l0 had no MMN to either the small (1250 Hz) or large (1500 Hz) deviant

stimuli. She had received the CI 4.2 years before participating in the study, but had spent the majority

of her life with a severe to profound hearing loss. Subject l0 may be an illustration of arrested

auditory development or an immature central auditory system, as proposed by Ponton et al. (1999).
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An example of this subject's cortical responses to the 250112 stimulus is shown in Figure 39. Similar

responses were obtained to the I kIIz and 4 kHz stimuli.

{3,t6rc 1t.{8uU
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Figure 39. Cortical responses from CI subject l0 to the 250lIz stimulus for the C4 electrode montage.

This waveforrn represents the average of 100 stimulus presentations. Note the prominent positive

response and small Nl. The amplitude scale differs from that used in the Results section because of the

large amplitude of the response.

More research is needed to investigate in greater detail the time course of the change in Nl asymmetry

and to verify that the asynmetry arises after and not prior to cochlear implantation. Results from

animal and human studies (Kaltenbach, Czaja and Kaplan,1992; Schwaber, Garraghty and Kaas,

1993; Popelar et al., 1994; Rajan and lrvine, 1998; Pantev, Wollbrink, Roberts, Engelien and

Lutkenhoner, 1999; Menning, Roberts and Pantev, 2000; Nishimura, Doi,Iwaki, Hashikawa, Oku,

Teratani, Hasegawa, Watanabe, Nishimura and Kubo, 2000; Pantev and Lutkenhoner, 2000) indicate

that the time course of cortical reorganisation after a change in input to the auditory periphery induced

either by injury or training, may be very rapid, within a few days. Only by a longitudinal study

following CI subjects from time of initial activation of the device, with cortical recordings made at

frequent intervals over perhaps a three month time course, can these lateralisation effects be further

investigated.
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MMN Lateralisation

The increase in MMN amplitude, area, and duration for both NH and CI groups (for the subjects that

had a measurable response) and groups for the more frontal electrode sites (F3, Fz and F4) is

consistent with the proposed location of MMN generator sites in frontal regions of the cortex

(Naatanen, 1992). In the present study MMN was greatest at F4 in both groups for the small deviant

stimulus and also in the CI group for the large deviant stimulus, as has been reported in numerous

MEG and EGG studies (Scherg et al., 1989; Giard et al., 1990; Giard, Perrin and Pernier,l99l;

Paavilainen et al., l99l; Giard, Lavikainen, Reinikainen, Perrin, Bertrand, Pernier and Naatanen, 1995;

Lrvanen et al., 1996). A proposed explanation for the right-sided dominance is that MMN may be

associated with the involuntary orienting of attention following the detection of a stimulus change, and

that this orienting of attention is mediated by right-sided prefrontal motor areas in the brain (Giard et

al., 1990;Naatanen, 1990; Naatanen, 1992:' Alho et al., 1994).

For the large deviant stimulus the opposite results were obtained in the NH subjects, with MMN peak

latency, peak amplitude, area and duration all greater at F3 than at F4 or Fz. Nl contributions to the

MMN offer a possible explanation for the difference seen in the NH results for the large versus small

deviant stimuli. With normal hearing, Nl is typically largest recorded over the contralateral

hemisphere (Scherg and Von Cramon, 1986;Pantev et al., 1998). Tonal stimuli with a large frequency

difference between the frequent and deviant stimuli result in a new Nl to the deviant stimulus. This

Nl may overlap and contribute to an early onset MMN (Sams et al., 1985b; Scherg et al., 1989; Novak

et al., 1990). The resulting Nl enhancement leads to an early MMN component occurring in the Nl

latency range. In a study using a frequency deviation paradigm (Naatanen et al., 1987), the onset of

MMN was found to be in the range of 50 - 60 ms, which was even earlier than that found in the

present study. Nl enhancement with large frequent/deviant stimulus differences is thought to be

caused by activation of non-refractory neurons in the Nl generators responding to the deviant

stimulus. The later MMN component is presumed to be the "true" MMN, which can only be separated
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from the Nl component if the differences between the frequent and deviant stimuli are small (Scherg

et al., 1989; Novak et al., 1990). This effect is evident in the MMN waveforms of the NH subjects

where there appears to be a clear Nl response in the large deviant response, and correspondingly, an

early MMN response in the subtracted waveform (see Figure 30).

For the CI subjects, MMN lateralisation was similar for both large and small deviants (i.e. right frontal

advantage). MMN peak amplitude, area and duration were greater at F4 than at F3 or Fz. This finding

also occurred in the two CI subjects who had left sided implants, with MMN having the greatest area

at F4 for both the small and large deviant stimulus. This is an interesting finding as it demonstrates

how essentially normal the central auditory processing of the CI group was despite the unnatural

stimulation provided by the CI. This also reduces the possibility of the greater amplitudes seen on the

right hemispheric electrode sites being the result of contamination of the response by stimulus artifact,

as the MMN was larger on the right side for the two left-sided CI subjects. The dffierence between the

NH and CI groups in the lateralisation of MMN to the large deviant suggests a difference in difFrculty

of the discrimination task for the groups. The large deviant was easily discriminable for the NH group,

and generally evoked a new Nl component. This Nl effect did not occur in the CI group, indicating

that the deviant stimuli must have been perceived as being less different from the standard than for the

NH subjects.

P3a Lateralisatinn

The P3a responses for both groups showed the usual pattern of increasing latencies with increasing

difficulty of the discrimination task. The scalp distribution was unusual in that the greatest P3a

amplitudes were recorded from the right hemisphere electrode sites. This pattern of the greatest P3a

amplitudes being recorded on the ipsilateral side of stimulation was also seen in the cortical responses.

This effect did not appear to be due to artifact from the elecrical stimulus because there was no
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distortion of the baseline or of the early exogenous components (Pl or Nl) in the deviant stimulus

waveforms. In early studies the P3a response has been reported as being greatest at the mid-line with

either monaural or binaural stimulation (Squires et al., 1975; Ifuight et al., 1989b). However, greater

P3a amplitudes over the right hemisphere in normal hearing adults using an auditory discrimination

task have been found in one study (Alexander et al., 1996), in agleement with the results of the present

study. The two CI subjects who had left-sided implants had small or absent P3a responses so it was

not possible to reach any conclusions about P3a in these subjects.

Stimulus Effects

Frequency Effects on Cortical EPs

One of the aims of the present study was to compare the effects of stimulus frequency on the Pl-N1-P2

cortical responses to see whether these differed between the CI and NH subjects. In order to control

for evoked potential amplitude variations due to loudness differences the stimuli were presented at a

constant sensation level ("comfortably loud" on a seven point rating scale). There was a noticeable

trend of increasing differences between the groups, with the CI cortical waveforms becoming smaller

and later, as the frequency of the stimulus changed from low (250 Hz) to high (4 kJlz). Statistically

significant group differences were found between the CI and NH groups' Nl amplitudes for the I kHz

and 4 kHz stimuli.

The similarity of the CI and NH grand mean waveforms at 250 Hz (Figures 19 and 26) and the Pl-Nl-

P2 amplitudes and latencies at 250 Hz may reflect the typical pattern of better residual low frequency

hearing prior to cochlear implantation in individuals with a profound hearing loss. Based on studies

showing cortical reorganisation after peripheral hearing loss restricted to certain frequency regions, it

is likely that the CI group had an enlarged area of low frequency cortical representation. When

cortical reorganisation occurs, higher frequency regions are taken over by the adjoining lower
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frequency regions that are still receiving some peripheral stimulation (Reale, Brugge and Chan, 1987;

Robertson and Irvine, 1989; Harrison, Nagasawa, Smith, Stanton and Mount, l99l; Recanzone,

Schreiner and Merzenich, 1993). For the CI group, the poorest cortical responses occurred for the 4

kHz stimulus (see Figures 19 and 26). Profound deafrress tends to be associated with greater high

frequency loss, and it is not usually possible to adequately amplify high frequencies (including a kHz)

into the speech spectrum (Snik, Van den Borne, Brokx and Hoekstra, 1995). Therefore it is not

unreasonable to propose that the poorer 4 kllz responses of the CI subjects may be due to inadequate

peripheral stimulation over a period of many years prior to implantation. Despite high frequency

hearing being restored by the implant, the CI cortical responses were still poorer than those of their age

matched peers. The high frequency stimulation provided by the implant presumably had not resulted

in a full recovery of function.

For both the NH and CI groups, Nl latency to the 4VJlz stimulus was later than for the I kHz

stimulus. This result differs from the literature as Jacobson et al. (1992) reported earlier latencies for a

4kIIz stimulus than a I kHz stimulus. There were some methodological differences, however,

between the two studies. In the Jacobson et al. study the subject group consisted of I I young adults

(mean age 29.5 years, sd 6.5 years). The delayed 4 kHz responses in the present study may be due to

the older ages of the subjects (mean age 50 years, sd 14 years, range 27 -74 years) and, additionally,

three of the older subjects had a mild or moderate high frequency sensorineural hearing loss. It is

possible that the delayed high frequency Nl responses in both the NH and CI group in the present

study are a result of poorer peripheral stimulation due to ageing and /or hearing loss effects. Other

study differences include a different reference electrode site, for example Jacobson et al- (1992) used

linked mandibles, whereas the present study used the contralateral earlobe, and a much longer duration

stimulus (Jacobson et al. (1992) used a250 ms duration tone burst, whereas the present study used 60

ms). Verkindt et al. (1995) in a study using young normal hearing adults, found that Nl latencies for a

250 Hz tone burst were significantly later than Nl latencies for 500 IIz, I kIIz,2ktfz and 4 kHz tone
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burst stimuli. There were no other significant latency differences between any of the other stimuli. In

the present study there were no statistically significant group latency differences between the three

stimulus frequencies although there was a trend evident in the grand mean waveforms that latencies for

all the waves were longer for the 250llz stimulus. It is likely that the large age range and hearing

thresholds that were not within the normal range may explain the inability of the present study to

replicate the findings of Jacobson et al. (1992) and Verkindt et al. (1995).

Habituation of Cortical Evoked Potentials

Although habituation was not investigated directly in the present study, the cortical and MMN

paradigms both incorporated the same I kHz stimulus but with different repetition rates. The rate of

stimulus delivery was faster (1.5/s for the frequent stimulus) for the MMN paradigm compared with

l.l/s for the cortical recordings. A greater reduction in Nl amplitude (habituation) was seen in the

frequent response (l kHz stimulus) of the MMN paradigm in the CI group than occurred in the NH

group when contrasting the MMN Nl results to the Nl results for the cortical recordings. Measured at

Cz, where Nl typically has the greatest amplitude (Naatanen and Picton, 1987), the amplitude of Nl

for the MMN frequent response was reducedby 28.3Vo in the CI group and l2.8Vo in the NH group

compared with their respective I kHz cortical Nl response at Cz. Interestingly, if the CI group is

divided into the better (n = 8) and poorer (n = 4) groups based on their speech scores then the poorer

CI group had much greater habituation (5l.6Vo) than the better CI group (27.4Vo).

The increased Nl habituation seen in the CI subjects in the present study, with the greatest habituation

seen in the poorer CI subjects, could reflect one or more of the following effects: (a) degenerative

changes within the auditory nerye leading to fewer nerve fibres able to respond to the electrical

stimulation, (b) a relatively greater frontal contribution to Nl (habituation may reflect reduced frontal

response at higher rates) compared to the NH group, due to reduced temporal contributions, (c) the
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effects of increased neural refractoriness in the CI group due to central degenerative changes affecting

either the temporal or frontal generators or both, (d) increased neural refractoriness in the CI group as a

result of electrical stimulation causing the majority of ascending auditory fibres to be in a refractory

state at the same time because of the increased synchrony of neural activity seen with electrical

stimulation (Shannon, 1983; Klinke and Hartmann,1997; Ponton et al., 1999).

The CI subjects have all received reduced input to the central auditory system over a period of many

years because of peripheral auditory pathology. It is known from animal studies that peripheral

damage can lead to destruction and reorganisation of auditory structures higher up the afferent

pathways (Robertson and Irvine, 1989; Willott, Aitkin and McFadden, 1993; Popelar et al., 1994).

Budd et al.'s (1998) study provided evidence that the Nl decrement with stimulus repetition is the

result of refractory processes, rather than habituation. Thus a greater "habituation" effect in the CI

subjects could reflect neural refractory effects due to electrical stimulation and/or central pathology.

Although adaptation or habituation of auditory evoked potentials has not been previously reported in

studies with CI subjects, early work on tone decay and forward masking leading to pyschophysical

adaptation was performed (Shannon, 1983; Brimacombe and Eisenberg, 1984). In the Brimacombe

and Eisenberg study there were 17 CI users, three of whom exhibited significant tone decay. These

three differed from the rest of the sample in several ways: (1) they became deaf at an earlier age, (2)

they had more years of profound deafness, and (3) they had fewer years of cochlear implant and

hearing aid use. As was seen in the present study these three poorer subjects had similar thresholds to

the better CI subjects so detection ability was not affected. An area of future research may lie in

investigating the differences seen in the habituation of Nl in CI subjects compared with NH subjects

and the possible relationship of the habituation phenomenon to performance.
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Deviant Stimulus Effects on MMN

The latency and amplitude of MMN are thought to reflect the speed at which auditory processing

occurs, since MMN latency increases and MMN amplitude decreases as the task of discriminating

between the frequent and deviant stimuli becomes more difficult (Sams et al., 1985b; Naatanen, 1992).

This expected effect of prolonged latency and reduced MMN amplitude with more dfficult

discrimination tasks was clearly seen in the results of both the NH and CI groups, with results from the

small deviant stimulus being smaller and later than for the large deviant stimulus.

The CI subjects did not always have a measurable MMN response and this was more evident for the

small deviant stimulus (at Fz only nine CI subjects had MMN for the large deviant and seven CI

subjects had MMN for the small deviant stimulus). All 12 NH subjects had a rneasurable MMN

response for both deviant stimuli. The discrepancy between the subject numbers in the groups

illustrates the difficulties of using MMN as a tool to investigate group differences. For sorne subjects

it is not possible to measure a MMN response. There was a tendency for this to be more common in

the poorer CI subjects, but not exclusively so, and therefore in the statistical analysis this results in

missing data across groups and weakens the analyses that can be performed.

Deviant Stimulus Effects on P3a

The presence of a robust P3a response, especially for the large deviant, in the poorer CI group without

the presence of a MMN response is consistent with there being separate generator systems for these

two responses (Naatanen et al., 1982; Sams et al., 1985b; Paavilainen et al., l99l). Also the NH group

results demonstrated substantial MMN without a large P3a response, even for the large deviant

stimulus, as has been found in previous studies in listeners with normal hearing (Naatanen, Gaillard

and Mantysalo, 1980; Naatanen et al., 1982; Sams et al., 1984).
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Generally P3a was earlier and larger for the large deviant stimulus compared to the small deviant

stimulus. Similar results (delayed latencies and reduced evoked potential amplitudes with increasing

discrimination difficulty) have been found in studies investigating P3b responses in CI subjects using

active oddball paradigms requiring subject participation. Okusa et al. (1999) and Jordan et al. (1997)

found delayed latencies and reduced P3 amplitudes in CI subjects who found the discrimination task

difficult. Kileny, Boerst and Zwolan (I997a) found that P3 latencies to speech stimuli in CI subjects

were delayed compared with results for tonal stimuli, reflecting the greater difficulty of the speech

discrimination task.

ElncrnopnysrolocrcAl VERsus BEHAvIoURAL Rrsulrs

There were unexpected strong positive correlations between MLR Na latency and speech scores. That

is, MLR latencies were longer in CI subjects with better speech scores. This has not been found in

earlier studies of the MLR in CI users (Gardi, 1985; Pelizzone et al., 1991) where little difference was

found between the MLRs of normal hearing and CI subjects. Changes in the morphology of the MLR

waveform may have led to this surprising result. Closer examination of the individual MLR

waveforms indicated that the four poorer CI subjects had a very ill-defined early portion of the MLR

with a low amplitude Pa, which may have resulted in Na being slightly earlier in these four subjects

than in the NH and better CI subjects. The Na latency results are inconclusive because of the

variability in the MLR responses within the poor CI group and the small subject numbers and the lack

of similar frndings in other studies. A similarity between the present study and the Groenen et al.

(1997) study was a trend towards the poorer CI users having poorer "quality''MLR responses.

Groenen et al. (1997) also compared MLR results to speech scores in adult CI users and found

significant correlations between MLR amplitude variations across electrode pairs and suprasegmental

(e.g. number of syllables) speech perception scores. As in the present study there was no relationship

between MLR amplitudes and segmental speech recognition performance.
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The significant correlations found between P2 latencies and speech recognition scores were also seen

in a similar study by Makhdoum et al. (1998). They found that P2 latency was strongly correlated to

the spondee speech perception score in a group of 15 experienced CI users (r = -0.44, p < 0.01).

Makhdoum et al. (1998) used a very simple closed set speech recognition task, in contrast to the open

set, more difficult speech materials used in the present study. The mean latency of P2 in Makhdoum et

al.'s study was2O2.7 ms using a 500 Hz pure tone stimulus of 120 ms duration, delivered in the sound

field at a rate of 0.5/s and only recorded at the Fz electrode site. This stimulus is most similar to the

Iow frequency, 250 Hz, stimulus used in the present study, which produced the strongest correlations

between P2 latency and the speech perception scores (compared to I kHz and 4 kHz). For the 250H2

stimulus, P2 latencies were significantly correlated with speech scores at all four electrode sites. The

cortical responses of the CI subjects to this stimulus were remarkable for their similarity to those of the

NH subjects. The robust correlations that were found between P2latency for the 250tlz stimulus and

the speech scores may be indicative of the underlying good low frequency representation in the

auditory cortical areas of adult CI subjects. It is very common for post-lingually deafened adults to

have some remaining low frequency hearing prior to implantation.

It is interesting that it is the P2 cortical wave that correlated with the speech scores. In a study

examining the maturational time course of the cortical waveforms, P2 appeared to reach adult latency

and amplitude values by age five years or earlier (Ponton et al., 2000). All of the CI subjects in the

present study were post-lingually deafened and it is highly probable that they would all have had

mature P2 responses to low frequency stimuli from an early age. Therefore the relationship between

P2 latency and speech scores is likely to reflect changes in central auditory function as the CI subjects'

hearing deteriorated prior to receiving their implant and improved after implantation.

Makhdoum et al. (1998) found a modest correlation between N1-P2 amplitudes and spondee

identification speech scores. No significant correlations were found in the present study however
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betrypeq P2 arylitude and speeci scores, The presert study investigatod absoluto anplitudes as

coutrasted to relative NI-PA amplitudes rnoasuled byMakhdoum and co-lleagrns. There w,cre no

significant differences found between I{l amplitudes for either thc NH group. ver:llu* the corpleE CI

gfoup or the better vomus pooftr CI performero in the,pr,Gscnt study"
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COUCT,USIONS

This study was undertaken to investigate the central auditory processing of a group of adult cochlear

implant subjects using both behavioural and objective techniques and to compare these to a group of

age matched normal hearing subjects. The important findings are summarised below:

o Although MLR and P1-Nl-P2 cortical responses could be recorded from all subjects, and MMN

and P3a from most of the subjects, there were limitations to the usefulness of some of these evoked

potentials. The MLR, as recorded using the paradigm in this study, appears to be an AEP of

limited value in assessing the performance of a CI user. This is predominantly caused by the large

intra and inter-subject variability leading to difficulty in relating the individual responses to any

performance factors.

o The presence of an MLR in the CI subjects that was broadly similar to that of the NH group does

however indicate that central auditory processing up to the level of the auditory cortex is relatively

intact, despite the abnormal peripheral stimulation provided by the implant.

o Performance factors correlated significantly with the low frequency cortical P2 responses. This,

combined with the ease of recording and robustness of the responses make the cortical responses a

good reliable predictor of performance. Because of the robust nature of the cortical responses it

was also possible to study central auditory processing differences reflected in lateralisation and

habituation differences between the subject groups.

Examination of the lateralisation of the cortical responses may provide useful insight into the

maturation and plasticity of the central auditory system under conditions of monaural stimulation.

This could be used to investigate the maturation of the central auditory system in young deaf
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children with cochlear implants and to study the effects of plasticity in the adult brain after

providing amplification with hearing aids or electrical stimulation through an implant after a period

of auditory deprivation.

The cortical responses can also be used to investigate the hemispheric effects of monaural

stimulation. The finding in the present study of greater ipsilateral cortical responses raises

questions regarding the most suitable ear to implant in congenitally deaf children. The

contralateral advantage may not eventuate in congenitally deaf children receiving a cochlear

implant. In order for the left temporal lobe to receive maximal stimulation these results suggest it

may be preferable to implant the left ear of these children. Clearly further research is necessary to

investigate the effects of monauralstimulation in deaf children.

The finding that MMN could be used to probe and coarsely define the auditory discrimination

abilities of the CI subjects was interesting, however there appear to be limitations in the usefulness

of MMN. There was a lack of precision in the relationship between the presence of a MMN

response and the behavioural discrimination of the frequency contrast used in this study and speech

discrimination. Although all of the subjects, both normal hearing and CI, could detect the

differences between the standard and deviant tones, not all subjects had a measurable MMN. This

resulted in missing data points and a lack of power in the statistical analyses. In order to avoid the

problem of missing data a sufficiently large deviant stimulus should be used to ensure responses

can be recorded from all or most subjects.

Furunr DmBcrroxs

The habituation of the cortical responses seen in the CI subjects as compared with the NH control

subjects suggests that, either as a result of the electrical stimulation and/or as a result of the altered
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auditory processing in the CI users (particularly the poorer CI subjects), their central auditory

systems are unable to process sound as effectively as in a normal hearing individual. The cortical

habituation of the AEPs combined with behavioural tone decay results could possibly be used to

predict the ability of individual CI users to cope with the higher rate speech processing strategies.

The interesting finding of enhanced Pb/Pl and P3a amplitudes in the CI subjects which were

suggestive of impaired sensory gating compared with the NH subjects could be examined in

greater detail using a stimulus paradigm specifrcally designed to investigate sensory gating.

The lack of any significant correlations between the pyschoacoustic frequency DL task and either

the behavioural subject characteristics or the evoked potential results suggests that the task was

insensitive to the frequency resolution of the CI subjects as it related to their speech perception.

An area of future research may lie in the exploration of the temporal aspects of CI subjects' speech

perception, particularly as the more recent speech processing strategies use faster rates. The new

Cochlear Pty Ltd, Nucleus CI24 implant has two new high rate strategies. The continuous

interleaved strategy (CIS) can use a rate of 2.4 kJlz/channel and the advanced combination encoder

(ACE) strategy can use a rate of 3.6 kHzlchannel in contrast to the slower SPEAK strategy used in

the present study (25011: /channel) (Cochlear Nucleus 24 System Training Manual, 1997).

In CI studies, the temporal patterns of auditory stimuli have been found to correlate with speech

performance (Collins, Wakefield and Feinman, 1994). Temporal coding of speech is regarded as

more important for speech discrimination than place coding (Moller, 1999). The temporal coding

of speech can be investigated by using the voice onset time (VOT) of syllables as a stimulus

(Kishon-Rabin, Taitelbaum, Tobin and Hildesheimer, 1999). VOT is the time interval between

consonant onset and the onset of low-frequency periodicity generated by rhythmic vocal cord
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vibration, and provides the perceptual distinction between voiced and voiceless consonants.

Studies using direct intra-cortical recordings from the auditory cortex have found that responses to

syllables lateralised to the left hemisphere in the area of Heschl's gyrus and for non-verbal stimuli

that replicated the temporal structure of the syllables (Liegeois-Chauvel, de Graaf, Laguitton and

Chauvel, 1999; Steinschneider, Volkov, Noh, Garell and Howard, 1999). MEG studies have also

localised the effects of differing VOT in syllables to the left hemisphere (Simos, Diehl, Breier,

Mots, Zouridakis and Papanicolaou, 1998; Simos, Papanicolaou, Breier, Wheless, Constantinou,

Gormley and Maggio, 1999). VOT has also been used as a stimulus parameter in cortical and

MMN recordings (Sharma and Dorman,1999) and in recordings from the auditory nerve in

chinchillas (Sinex and Narayan,1994). Future research in this area perhaps looking at VOT effects

on cortical or MMN responses may identify CI users who would benefit from the new speech

processing strategies.
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APPBNDIX I: Rlnto FnnQunNCY Fil,rsn

Custom built radio-frequency filters were placed on the front end of each of the eight Grass@ Model

12A5 amplifiers to remove the artifact caused by the radio frequency carrier signal of the Nucleus CI-

22M cochlear implant. Preliminary work had established that this was necessary to prevent major

distortion of the evoked potential waveforms. The design of the filters was modified from that of

Game and Sanli (1997) in order to maximise the filter rejection in the region of the CI carrier

frequency (2.5MHz}

0dB

-20d8

-40d8

-60d8

-80d8

-l00dB
l0MHz

Figure 40. Frequency response of the radio frequency filter modified from Game and Sanli, 1997.
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APPENDIX II: AVNNACNO ET,NCTRODE VOTTACNS

To ensure that variability in performance seen in the CI subjects was not attributable to device

malfunction, all the CI subjects underwent integrity testing of their implant electrodes prior to taking

part in the present study. This was carried out by recording Averaged Electrode Voltages (AEVs) on

each CI electrode.

Device integrity has been assessed by many researchers using AEVs (Shallop, 1993:. Battmer,

Gnadeberg, khnhardt and knarz,1994; Mahoney and Proctor,1994; Mens, Oostendorp and Van den

Broek, L994b; Mens, Oostendorp and Van den Broek, 1994a; Kileny, Meiteles, Zvtolan and Telian,

1995; Peterson, Brey and Facer, 1995; Brown, Rubenstein and Abbas, 1996; Cullington and Clarke,

1997). The AEV procedure involves recording the electrical artifact from the biphasic current pulse

that is used to stimulate each electrode. The AEV is measured by placing recording electrodes on the

scalp of the user. The recording electrodes measure the electrode voltage resulting from electrical

culrent passing from the active electrode to the reference electrode/s. If the implant electrodes are

functioning properly the signal measured from the scalp should reflect the original signal impulse that

was sent through the electrode. A normal AEV resembles the morphology of the charge balanced

biphasic electrical current delivered to the electrodes. The AEV shape is rounded as a consequence of

the capacitive effects of the stimulating electrodes (Feinman, 1995).

MnrHoo

AEVS were recorded on the L2 CI subjects using the Nicolet Biomedical Inc. HGA-200A Compactru

evoked potential system that was externally triggered by the Cochlear Ltd. Dual Processor Interface

(DPI). The DPI is an external device that acts as an interface between the computer, the programming

software and the cochlear implant. The DPI is connected via a cable to the CI body worn processor.
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For each subject stimuli were delivered in both the CG and BP+l stimulation mode. The stimulus

pulse width was 200ps per phase and the current level (CL) was set at 126 CL units for BP+l mode

and 70 stimulus level (SL) units for the CG mode. Stimulus repetition was set at250 Hz for both

stimulation modes and recordings were averaged 100 times. Recording electrodes were placed at the

ipsilateral mastoid (CI side, noninverting electrode), contralateral mastoid (inverting electrode) and

forehead (ground electrode). Recordings were bandpass filtered between I and 10,000 Hz. A 20 ms

time window was used.

Rrsur,rs

Balanced biphasic pulses were recorded for all of the implant electrodes from each of the CI subjects.

Similar to the data from Shallop (1993), the BP + I results (Figure 41) showed a decrease in AEV peak

to peak amplitude from the basal most electrode (electrode 1) to the most apical electrode (electrode

20). The amplitude values for the BP + I stimulation mode are similar to the normative data reported

by Mahoney and Proctor (1994) and Shallop (1993). The CG results (Figure 42) showed the largest

amplitudes at the most basal electrode (electrode l). The AEVs then decrease in amplitude as the

stimulating electrode moves apically until about electrode 7 - l0 at which point the AEV is inverted in

phase and then increases in amplitude towards the apical end of the array. The morphology of the

AEVs in the CG mode was similar to those in other studies (Mens et al., t994a; Brown et al., 1996).

Coxcr.usroxs

The results from both the BP + I and CG modes of stimulation indicate that all of the electrodes in the

12 CI subjects were capable of delivering balanced biphasic pulses and were thus functioning

normally.
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Figure 41. Averaged electrodes voltages (pV) in the BP + I mode from the individual Cl-22 implant

electrodes of the LZ CI subjects.
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Figure 42. Averaged electrodes voltages (pV) in the CG mode from the individual CI-22 implant

electrodes of the 12 CI subjects.
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APPENDIX III : INOTVMUAL INIPLAT.IT EINCTNODE TTN.NSNOLD,

Conm'oRT AND FnneunNcy At loclTloN Vnr,uns

The following 12 tables display the threshold and comfort levels for each individualcochlear implant

electrode for each CI subject. The frequency range inIlz (Lower and Upper) for each electrode is also

shown.

Subject 1.

Electrode Threshold Comfort Lower Upper

20 97 r50 t20 280

l9 96 166 280 440

18 98 t70 MO 600

l7 103 r76 600 760

16 95 179 760 920

l5 99 180 920 1080

l4 98 t9l 1080 1240

l3 99 170 r240 t4L4

t2 r01 r86 14t4 1624

1l 99 t79 r624 1866

l0 106 179 1866 2144

9 t04 173 2144 2463

8 99 180 2463 2856

7 86 r68 2856 3347

6 93 t52 3347 3922

5 87 t64 3922 4595

4 97 t64 4595 5384

3 87 144 5384 6308

2 89 t2l 6308 7390

I 85 106 7390 8658
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Subject 2.
Electrode Threshold Comfort Lower Upper

20 l5l 199 rt6 243

19 r52 20r 243 393

18 155 r97 393 540

T7 156 r97 540 687

l6 154 200 687 833

l5 156 203 833 978

I4 16r 205 978 Lt25

l3 165 245 tt25 I285

L2 1,67 206 r285 1477

ll r67 207 t477 1696

l0 r68 209 1696 t949

9 165 209 t949 2238

8 165 210 2238 2597

7 l6l 2r0 2597 3043

6 160 212 3043 3565

5 160 2rl 3565 4177

4 155 2t3 4t77 4894

3 154 2tl 4894 5734

2 156 2t2 5734 67t8

1 159 2rl 6718 7871
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Subject 3,

Elecirode Thrcshold Comfort Lower Upper

22 57 101 17l 4m

2l 75 119 400 628

20 9l r35 628 85?

r9 8 t47 857 108s

18 101 L6l 1085 1314

r7, 101 t73 r3t4 1542

l6 100 175 t542 r77l

l5 98 168 r77l 2420

l4 100 160 20?0 2t2l

13 98 L52 23Zr 'zffi
L2 99 t45 2666 3462

1t 99 135 3M2 35r8

10 94 119 35.18 4081

9 88 99 lm81 47Et

zffi



1 Subject 4.

Electrode Threshold Comfort Lower Upper

20 8l 148 t20 280

t9 80 r46 280 MO

t8 83 153 MO 600

T7 94 r64 600 760

l6 87 159 760 920

l5 9r 153 920 1080

I4 100 l5l 1080 1240

t3 93 r43 1240 t4t4

l2 88 136 14l4 r624

n 84 125 1624 1866

10 8l rzl 1866 2tM
9 94 t34 2ru 2463

8 100 t52 2463 2856

7 99 r54 2856 3347

6 90 153 3347 3922

5 58 135 3922 4595

4 57 ll5 4595 5384

3 60 89 5384 6308

2 40 74 6308 7390

I 44 91 7390 8658
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Subject 5.

Electrode Threshold Comfort Lower Upper

20 80 ll6 r20 280

t9 88 t22 280 u0
l8 73 119 MO 600

t7 7l tl7 600 760

l6 54 ll8 760 920

l5 82 120 920 1080

t4 62 r27 1080 rz4c

l3 75 130 t240 r4l4

t2 75 r27 t4t4 1624

1l 70 t23 1624 1866

l0 78 r25 1866 2rM

I 95 138 2rM 2463

8 92 t45 2463 2856

7 99 148 2856 3347

6 98 148 3347 3922

5 98 r42 3922 4595

4 95 134 4595 5384

3 95 r30 5384 6308

2 90 r23 6308 7390

I 88 tt7 7390 8658
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SubJ@ 6.

Eleotrode Thtqehotd Confort Lower Upper

l8 55 99 LVI M
t7 69 110 400 628

16 ?8 tu 628 857

l5 59 128 857 [085

14 & l16 1085 13t4

l3 42 114 t3,t4 1542

1l 68 r32 t542 I77r

l0 r00 142 l77t 2A2A

I 104 133 2n2A 2321

v 72 105 2321 26ffi

6 lr0l 132 26ffi 306,2

3 74 107 3462 3518

2 36 94 3518 4081

I T6 81 4081 47,81
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$uhject 7.

Eleetrode Threshold Comfort Lowe,t Upper

20 107 154 24Q 550

L9 LL4 165 560 880

18 I2r 1.63 880 1200

17 t24 165 1200 1520

15 t31 166 L5i2A 1840

15 r25 156 1840 2160

T4 125 r52 2150 2A.80

13 II7 LM u$o 2828

T2 l14 r36 2828 3249

1l lll t3:l 32!+9 3732

l0 LO? l4l 3732 4288

9 rcz 135 4288 492fi

2M



Subject 8.

Electrode Threshold Comfort Lower Upper

20 77 n0 120 280

T9 74 rt4 280 440

l8 78 ll9 u0 600

t7 82 ll9 600 760

r6 86 125 760 920

t5 90 t27 920 1080

l4 r02 r29 1080 t240

13 lll 135 1240 t414

L2 t24 140 l4t4 1624

1l t14 t37 1624 1866

l0 ll0 r33 1866 2144

9 lll t32 2r44 2463

8 ll6 140 2463 2856

l16 IM 2856 3347

6 108 133 3347 3922

5 94 L17 3922 4595

4 84 105 4595 5384

3 75 l0l 5384 6308

) 70 97 6308 7390

I 68 90 7390 8658
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i SutJectg.

Electrode Tlueshold Comfort ["ower Urppsr

22 60 90 150 350

2r 7'5 105 350 550

20 93 120 550 750

l9 95 125 v5a 950

18 85 125 950 1150

L7 94 t25 1150 1350

r6 9i6l ll8 1350 r550

15 94 115 1550 1768

L4 97 tt2 1768 2V3t

13 118 133 203,1 2333

L2 117 128 2333 2580

ll 109 122 268t) 3079

l0 ,94 107 3079 3571

9' 79 90 357r 4148

8 67 80 4148 4903

7 77 85 490/3 57M

6 65 75 5X44 6730

2M



SubJcct 10.

Electrode Threshold Csr rfort Lower Upper

20 78 134 LzA '280

19 75 135 280 4N

l8 6:il 135 444 600

17 61 130 ff[, 760

l6 6'7 130 760 924

15 78 t,3ir 920 1080

14 72 t42 1080 nn
13 76 145 t240 t4t4
L2 85 t6r L414 1624

l1 75 160 t6u, 1866

10 62 145 1866 214/i

I 55 t43 214,/, 246'3

I 55 135 2ffi3 2E56

7 54 l15 2856 3347

6 36 LM 3347 3922

5 l9 80 3922 4595

4 l5 63 4595 5384

3 T4 65 s384 6308

2 r8 60 6308 nn

207



Subject 11.

Electrode Threshold Comfort Lower Upper

20 r74 205 r20 280

l9 r55 185 280 440

l8 169 195 440 600

t7 1,64 t93 600 760

r6 t63 185 760 920

15 156 177 920 1080

L4 159 r82 1080 1240

13 163 185 1240 r4r4

L2 t63 183 t4t4 1624

ll 148 163 1624 1866

10 168 186 1866 2tM
9 170 t82 2t44 2463

8 165 178 2463 2856

7 153 l6l 2856 3347

6 r64 170 3347 3922

) r57 168 3922 4595

4 r62 168 4595 5384

3 165 17t 5384 6308

2 168 t75 6308 7390

I 170 175 7390 8658
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Subject 12.

Electrode Threshold Comfort Lower Upper

20 159 209 u6 243

19 157 213 243 393

l8 t62 217 393 540

t7 160 2t9 540 687

l6 t6l 221 687 833

15 162 223 833 978

L4 161 219 978 tt25

l3 164 221 TT25 1285

t2 162 219 1285 r477

1l 166 218 t477 1696

l0 165 2t5 r696 1949

9 165 2t5 t949 2238

8 167 2r9 2238 2597

7 166 219 2597 3043

6 r66 2t0 3M3 3565

5 165 2t0 3565 4177

4 161 204 4t77 4894

3 r62 208 4894 5734

2 165 20t 5734 67t8

I 165 194 6718 7871
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