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ABSTRACT
TITLE: Slow Cortical Auditory Evoked Potentials and Auditory
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Occupational Noise
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In individuals claiming compensation for occupational noise induced hearing loss, a
population with a high incidence of nonorganic hearing loss, a reliable and valid
behavioural pure tone (PT) threshold is not always achievable. Recent studies have
compared the accuracy of behavioural PT threshold estimation using the slow cortical
auditory evoked potentials (SCAEP) and auditory steady-state responses (ASSR) but there
is no consensus regarding recommended technique. A review of the literature indicated
that no comparison has been completed on the use of SCAEP and a single frequency
ASSR technique.

A research project was therefore initiated with the aim of comparing the clinical
effectiveness (accuracy) and clinical efficiency (time required) of SCAEP and ASSR for
behavioural PT threshold estimation in adults exposed to occupational noise. Adult
participants were divided into a group with normal hearing (behavioural PT thresholds <
20 dBHL; n = 15) and a group of participants with hearing loss (n = 16 adults), the latter
of which were recruited from individuals referred for audiometric screening, as part of
hearing conservation programs, and who were, therefore, exposed to occupational noise.
The GSI Audera electrophysiological system was used for both SCAEP and ASSR
threshold measurement at 0.5, 1, 2 and 4 kHz. Use was made of tone burst stimuli for the
SCAEP (rise and fall of 10 ms with 80 ms plateau), while amplitude and frequency
modulated (AM/FM) stimuli was used during ASSR testing. The system’s 40 Hz protocol
was chosen for use during ASSR recording while participants slept because this led to

lower noise levels, and because the long assessment session promoted sleep in all of the

XV
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participants. ASSR thresholds could not be measured in two of the three sleeping
participants in the preliminary study using an 80 Hz modulation rate due to excessive

noise.

The mean SCAEP difference scores (SCAEP threshold minus behavioural PT threshold)
for both participant groups were -0.2+10.2, 2.8+10.1,5.8+9.7, 0.5+10.4 at 0.5, 1, 2, and 4
kHz respectively, while ASSR difference scores were 25.3+12.8, 21.7+11.3,32.3+12.2,
27.1+13.8. The SCAEP correlations with behavioural PT thresholds across frequencies (r
= 0.85) were also stronger than ASSR correlations (r = 0.75). Therefore, with regard to
proximity of auditory evoked potentials (AEP) to behavioural PT thresholds and
consistency of this relationship, the SCAEP, rather than ASSR, is the AEP of choice.
However, the SCAEP took on average 10.1 minutes longer to complete than the ASSR.
Clinical effectiveness was given comparably more weight than the clinical efficiency of
the AEP technique to estimate behavioural PT thresholds due to the impact on
overcompensation for occupational noise induced hearing loss. As such, the study
acknowledged the SCAEP as the AEP of choice for the purpose of behavioural PT

thresholds in adults exposed to occupational noise.

It is important to note that the conclusion reached in the current study arose from the
comparison of the SCAEP with a specific ASSR technique. Accuracy of ASSR estimation
of behavioural PT thresholds is strongly influenced by stimulus and recording parameters

of the system used, and by the participant variables.

Keywords: occupational noise induced hearing loss, nonorganic hearing loss, auditory
steady state responses (ASSR), slow cortical auditory evoked potentials (SCAEP),
auditory evoked potentials, clinical effectiveness, clinical efficiency, stimulus and

recording parameters.
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CHAPTER ONE

INTRODUCTION AND ORIENTATION

1.1 INTRODUCTION

Non-organic” and exaggerated hearing loss are terms used to describe the apparent loss of
hearing sensitivity without obvious pathology to explain the loss or its extent (Martin,
1981). Alberti, Hyde and Riko (1987) also list factors other than deliberate exaggeration
that may cause volunteered behavioural pure tone (PT) thresholds to be worse than true
behavioural PT hearing thresholds, including poor comprehension of the test, high
criterion for response, and fatigue. Martin (2002) adds physical or emotional incapacity
for appropriate responses, or an unconscious motivation to the reasons for a lack of
cooperation during hearing evaluations. This is further complicated by the fact that many
individuals with exaggerated behavioural PT thresholds have nonorganic aspects
superimposed on an organic hearing loss (Martin, 2002). The audiologist’s function is to

determine the extent of the organic component.

A high incidence of nonorganic behavioural PT hearing thresholds in individuals claiming
compensation for occupational noise induced hearing loss has been reported, from 8§ to
26% of sample sizes ranging from 238 to 2528 individuals (Alberti et al., 1987; Alberti,
Morgan, & Czuba, 1978; Hone, Norman, Keogh, & Kelly, 2003; Rickards & De Vidi,
1995). The considerable financial gain resulting from exaggeration of behavioural PT
thresholds since implementation of laws regarding hearing safety in the workplace, may
account for the high incidence of nonorganic hearing loss in this population (Hone et al.,

2003; Martin, 2002).

Noise induced hearing loss is the most common form of occupational hearing loss, and
remains one of the most prevalent occupational conditions (American College of
Occupational and Environmental Medicine [ACOEM], 2002). The ACOEM (2002)
suggests that this is partly due to the fact that noise is one of the most pervasive

occupational hazards found in a wide range of industries. Murray-Johnson et al. (2004)

# Definitions of terms in the text are marked using italic font style.
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state that noise induced hearing loss is the second most self-reported occupational illness
or injury. Nelson, Nelson, Concha-Barrientos and Fingerhut (2005) estimate that 16% of
hearing loss in adults worldwide is attributable to occupational noise. Of relevance to
South Africa, Nelson et al. (2005) also state that the occupational noise induced hearing

loss burden is much greater in the developing world.

South Africa has more than 8.2 million workers who spend at least eight hours per day in
formal employment in factories, mines, farms and other places of work (South African
Department of Health, 1997). By affecting the health of the large working population,
occupational injuries and diseases have profound effects on productivity and the economic
and social well-being of workers, their families and dependants (South African
Department of Health, 1997). Noise induced hearing loss has therefore been recognised as
a major occupational health risk in South African industries such as the mining industry

(Zinsser, 2004).

The South African Occupational Diseases in Mines and Works Amendment Act, no. 60 of
2002 (2003) requires benefit (compensation) examinations of not only current but also
former employees. However, access to benefit examinations is poor in historically under-
served areas, notably the Eastern Cape, Northern Province and KwaZulu-Natal (South
African Department of Health, 1997). Consequently, a backlog exists and many thousands
of both current and former employees may suffer from unidentified compensable diseases,

including occupational noise induced hearing loss.

Reliable and valid audiometric results are crucial in determining hearing disability
compensation. Without accurate testing, there will be inaccurate compensation for noise
induced hearing loss claims (Rickards & De Vidi, 1995). Even small deviations from true
behavioural PT thresholds can translate into a significant difference in financial outcome
(Coles, Lutman, & Robinson, 1991; Alberti et al., 1987). Inaccurate compensation is of
particular concern in South Africa, where cost-efficacy is a key element in the

transformation of the health system (South African Department of Health, 1997).

One of the aims stipulated in the White Paper for the Transformation of the Health System

in South Africa, is to diagnose disabilities as early as possible (South African Department
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of Health, 1997). Behavioural PT audiometry has remained the gold standard to compute
the amount of compensation for individuals claiming compensation for noise induced
hearing loss (Melnick & Morgan, 1991; Martin, 2002). For most patients and most
purposes, behavioural PT audiometry is the most definitive of all audiometric procedures
capable of evaluating the entire auditory system at specific frequencies (Cope, 1995;
Goldstein & Aldrich, 1999). Hall (1992), however, cautions that no single auditory
measure consistently and adequately evaluates all aspects of hearing differentially. This
cross-check principle is motivated by the goal of increased accuracy of identification and
quantification of hearing loss (Jerger & Hayes, 1976; Stach, 1998). The behavioural PT
threshold determination is therefore always supplemented by other behavioural measures,
such as speech audiometry, as well as objective audiometric measures, such as immittance

and auditory evoked potentials (AEP; Hall & Mueller, 1997).

Objective measures serve to confirm the behavioural PT thresholds and are useful in site-
of-lesion differentiation due to their neurophysiologic bases (Burkard & Secor, 2002).
With regard to identification of occupational noise induced hearing loss, and in a
population where the incidence of nonorganic hearing loss is high, the goal of early and
accurate diagnosis can be challenging. However, when reliable and valid behavioural PT
thresholds are not achievable for certain populations, the audiologist is forced to place
increased emphasis on objective measures such as AEP. Several audiometric measures are
available for the identification of nonorganic hearing loss and for the determination of true

behavioural PT thresholds.

1.2 AUDIOMETRIC PROCEDURES FOR NONORGANIC HEARING LOSS

In a population exposed to occupational noise and at risk for noise induced hearing loss, a
variety of behavioural indices have been described to assist in identifying individuals
presenting with a nonorganic component to their hearing loss. These include variable
audiometric response, poor test-retest reliability, a flat audiometric configuration, a
threshold of greater than 50 dBHL (decibel hearing level) at 0.5 kHz, hearing ability (as
observed during personal communication) better than the behavioural PT thresholds,
discrepancies between tests, and violations of anatomical or acoustical relationships, for

example, absence of a shadow curve with unilateral loss (Alberti et al., 1987; Martin,
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1981; Stach, 1998). Audiometric tests such as the Lombard voice intensity test, Békésy
audiometry, descending lengthened off-time (DELOT) Békésy test, short increment
sensitivity index (SISI), delayed auditory feedback test, Doerfler-Stewart test, and speech
audiometry are all used to rule out the presence of a nonorganic component to a hearing
loss (Alberti et al., 1978; Chaiklin, 1990; Hall & Mueller, 1997; Kumpf, 1975; Martin,
1981; Stach, 1998). However, these tests do not quantify the magnitude of the feigned
component. Thresholds can be determined using Stenger and speech Stenger tests, but
these are appropriate for use only in cases of unilateral hearing loss (Hall & Mueller,

1997; Martin, 1981).

For a population at risk for occupational noise induced hearing loss, identification of a
nonorganic component to hearing loss alone is not sufficient. Compensation for
occupational noise induced hearing loss is awarded for the amount of disability (Sataloff
& Sataloff, 1987). The International Labour Organisation (ILO; 1983) classifies disability
as the conversion of medical impairment into an entitlement or monetary award. Disability
is calculated from the percentage loss of hearing according to current South African
legislation (South African Compensation for Occupational Injuries Act, no 130 of 1993
[COIDA], 2001; Occupational Health and Safety Act, no 85 of 1993, 2003). For the
purposes of determining the percentage loss of hearing, frequency specific behavioural PT

hearing thresholds at 0.5, 1, 2, 4 kHz need to be quantified.

Certain audiometric measures are capable of objective quantification of behavioural PT
hearing thresholds. Physiological measures capable of accurate behavioural PT threshold
estimation offer a unique approach for defining true hearing sensitivity level in nonorganic
hearing loss (Hall, 1992). Acoustic reflexes, otoacoustic emissions (OAE), and AEP are

considered physiological measures of the auditory system.

There have been repeated claims in literature that behavioural PT hearing thresholds can
be estimated by means of acoustic reflex threshold measurements (Feldman, 1963; Hall,
1978; Jerger, 1970; Terkildsen & Scott-Nielsen, 1960). The acoustic stapedial reflex,
however, can only be measured in the absence of middle ear pathology (Hall & Mueller,
1997; Stach, 1998). In South Africa, individuals at risk of occupational noise induced

hearing loss will frequently present with middle ear pathology due to the large percentage
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of mine workers that test positive for HIV (human immunodeficiency virus; Bam,
Kritzinger, & Louw, 2003; Hoffmann, Rockstroh, & Kamps, 2007; Robinson, Nel,
Donald, & Schaaf, 2007; Swanepoel, 2000). Prevalence studies report that 25 to 45% of
mine workers are HIV positive (Davies, de Bruin, Deysel, & Strydom, 2002; Pelser &
Redelinghuys, 2006; Stevens, Apostolellis, Napier, Scott, & Gresak, 2006). The mining
industry is the single largest employer in South Africa (Davies et al., 2002). Bam et al.
(2003) and Swanepoel (2000) report an 85 and 68% prevalence of otitis media in children
who are HIV positive respectively. There is, according to Robinson et al. (2007), a five
times higher prevalence of otitis media in children who are HIV positive than in children
who are HIV negative. Therefore, a considerable percentage of the target population
present with middle ear pathology. Use of acoustic reflexes to estimate behavioural PT
hearing threshold would therefore not be possible for these individuals. For the individuals
without middle ear pathology, acoustic reflexes would be measurable. An extensive
investigation into the use of acoustic reflexes to estimate behavioural PT thresholds
utilizing a sample of 1207 adult patients with sensorineural hearing loss, was undertaken
by Hyde, Alberti, Morgan, Symons and Cummings (1980). Results indicated significant
variability in accuracy and a poor average statistical correlation between acoustic reflex
threshold and behavioural PT thresholds. The study therefore concluded that acoustic
reflex thresholds used to estimate behavioural PT thresholds were inadequate for medico-

legal assessment and probably not sufficiently accurate for clinical use in adults.

Another physiological technique for assessing auditory integrity is OAE testing. OAE are
sounds measured in the external ear canal that are produced due to the motility of the
normal functioning outer hair cells of the cochlea (Kemp, 2002; Norton, 1992). The OAE
are the result of nonlinear, biomechanical processes of the cochlea responsible for the high
sensitivity, sharp tuning, and wide dynamic range of the normal cochlea (Norton, 1992).
Outer hair cell movement, either spontaneous or in response to a stimulus, generates
vibrations which sustain and amplify the travelling wave within the cochlea. This sound
energy becomes part of the forward travelling wave but a small amount is transmitted
back, due to nonlinearities in the cochlea, through the middle ear and tympanic membrane
and is then converted to an acoustic signal in the ear canal (Kemp, 2002). OAE can be
measured with a microphone in the ear canal of an individual with an absence of middle

ear pathology and normal cochlear outer hair cell function. Behavioural PT hearing
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threshold is a property of the inner hair cells and nerve synapse, which play no part in the
creation of OAE. OAE, being specific to the outer hair cells, can therefore not be used to
estimate behavioural PT hearing threshold, or quantify any degree of sensory hearing loss
in the absence of middle ear pathology (Hall & Mueller, 1997; Kemp, 2002). OAE merely
indicate the presence of middle ear and/or cochlear pathology. In addition the high
incidence of middle ear pathology in individuals who are HIV positive and exposed to
occupational noise in South Africa (Bam et al., 2003; Hoffmann et al., 2007; Robinson et
al., 2007; Swanepoel, 2000) means that OAE testing would indicate an absence of
emissions due to the presence of middle ear pathology alone (Kemp, 2002; Hall &
Mueller, 1997; Norton, 1992). Therefore the influence of middle ear pathology on OAE
and the inability of OAE to quantify behavioural PT thresholds, yield them an
inappropriate choice for the purpose of behavioural PT threshold estimation in adults

exposed to occupational noise.

In contrast to acoustic reflexes and OAE, AEP are capable of accurate behavioural PT
threshold estimation. The clinical use of AEP for this purpose has been reported on
extensively (including Alberti et al., 1987; Davis, 1976; De Koker, 2004; Hall, 1992;
Hayes & Jerger, 1982; Herdman & Stapells, 2001; Hone et al., 2003; Hood, 1998;
Laureano, Murray, McGrady, & Campbell, 1995; Lins et al., 1996). As such, AEP play a
critical role in the assessment of hearing in individuals who cannot or will not participate
actively in standard hearing assessment procedures, as well as in infants and young

children (Sinninger & Cone-Wesson, 2002).

AEP are recordings of synchronous neural activity within the auditory system (the
auditory nerve or auditory regions of the central nervous system) in response to external
auditory stimulation (Hall, 1992; Hood, 1998). AEP are not measures of hearing as such
but are highly correlated with hearing thresholds (Davis, 1976; Hall, 1992; Hood, 1998,
Sinninger & Cone-Wesson, 2002). It is for this reason that the phrase ‘estimation of
behavioural PT auditory thresholds’ is used. Therefore AEP thresholds can be used to
estimate behavioural PT hearing sensitivity (organic, psychophysical hearing thresholds).
A discrepancy between behavioural PT thresholds and AEP threshold intensity (AEP
indicating better hearing sensitivity) in a population suspected of nonorganic hearing loss,

is strong evidence that behavioural PT threshold findings are invalid (Hall, 1992).
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Several AEP classification systems exist (Cacace & McFarland, 2002; Davis, 1976;
Jacobson, 1999; Stapells, 2002). AEP may be classified according to their presumed site
of generation, their latency relative to stimulus onset, or their relationship to the stimulus
(Jacobson, 1999; Stapells, 2002). One of the earliest and the most widely accepted
classification systems is that of Davis (1976), who proposed that AEP be classified by
latency, the time at which they typically occur after stimulus presentation. In so doing,
four components are recognized, namely early, middle, slow and late AEP. Early AEP
occur at a latency of 0 to 20 ms, and comprise of the the auditory brainstem response
(ABR) and electrocochleography. Middle AEP occur at 10 to 100 ms, and refer to the
middle latency AEP and the auditory steady-state response (ASSR)". Although the latter
two AEP categories are often considered together as ‘late’ AEP, the current study
maintains the original ‘slow’ and ‘late’ classifications as delineated by Davis (1976) and
recommended by Stapells (2002). The slow cortical auditory evoked potential or SCAEP
occurs at 50 to 300 ms latency following stimulus onset, while late AEP refers to AEP
occurring at 150 to 1000 ms. Late cortical AEP include the mismatch negativity, P300,
N400 and P600 responses (Davis, 1976; Stapells, 2002).

In order to identify the AEP most applicable for the purpose of behavioural PT threshold
estimation for individuals at risk of noise induced hearing loss, the literature on the
clinical use of each of the AEP available needs to be critically evaluated. A review of the

AEP therefore follows with reference to adults exposed to occupational noise.

1.3 CRITICAL REVIEW OF THE USE OF AEP FOR ADULTS EXPOSED TO
OCCUPATIONAL NOISE

Early AEP include the ABR and electrocochleography. The ABR is the most widely used
AEP. The ABR is defined as a far-field recording of neuroelectric activity of the eighth
nerve and brainstem auditory pathways that occurs over the first 10 to 15 ms after an
abrupt stimulus (Ruth & Lambert, 1991). The ABR is characterized by five to seven

vertex-positive peaks representing synchronous neural discharge from dipole generators

*

ASSR have also been referred to as amplitude modulated following response (AMFR). The ASSR can, however, be elicited
by amplitude or frequency modulated stimuli or by a combination hereof. The term steady-state evoked potential or SSEPs has lost
favour as the acronym SSEP may mistakenly be perceived as referring to somatosensory evoked potentials. The outcome is that the
acronym ASSR or auditory steady-state evoked response has been adopted (Cone-Wesson, Dowell, Tomlin, Rance, & Ming, 2002).
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located along the auditory pathway to the inferior colliculus of the midbrain (Hood, 1998;
Ruth & Lambert, 1991). Each peak is labelled by consecutive roman numerals (Jewett,
1970). ABR is used as an objective diagnostic tool for otoneurologic disorders and for

estimation of auditory sensitivity.

Participant attention to stimuli, or the lack thereof, also has little or no effect on these
short latency responses (Kuk & Abbas, 1989; Lukas, 1981), resulting in robust, repeatable
recordings despite differences in participant state of consciousness. ABR does require that
individuals lie quietly with minimal movement in order to reduce artefacts and sedation is
sometimes required for adults or children who will not comply herewith. Despite this, the
stability of these potentials over participant state, the relative ease with which they may be
recorded, and their sensitivity to dysfunctions of the peripheral and brainstem auditory
systems make them well suited for clinical use (American Speech-Language-Hearing
Association [ASHA], 1987). This has led to the almost universal application of ABR for
behavioural PT threshold estimation for children and infants too young to be tested using

standard behavioural measures (Vander Werff, Brown, Gienapp, & Schmidt Clay, 2002).

Synchronous firing of multiple neurons, which is the general physiological foundation of
the ABR, is dependent on an abrupt stimulus onset (Hood, 1998). It is for this reason that
the abrupt onset click stimulus is routinely used in clinical ABR recordings. A typical 100
ps square wave click has a broad frequency spectrum with equal energy from 0.1 to 6 kHz
(Hall, 1992). The click stimulus therefore activates a wide area of the basilar membrane.
As a consequence hereof, click-evoked ABR provides little information regarding the
slope of the audiometric configuration or sensitivity at a particular frequency (Ruth &
Lambert, 1991). There is widespread belief that the greatest agreement between the click-
evoked ABR and behavioural PT thresholds is in the 2 to 4 kHz frequency range (Coats &
Martin, 1977; Davis, 1976; Hall, 1992; Hall & Mueller, 1997; Hood, 1998; Ruth &
Lambert, 1991). This is true on average and across a large group of individuals with
hearing loss, but is not true for individual participants, especially when hearing loss is
restricted to certain frequencies (Stapells, 2002). The click-evoked ABR is virtually
independent of low frequency hearing sensitivity (Hall, 1992). A normal ABR may
therefore be recorded in individuals with hearing loss with only isolated regions of

residual normal hearing sensitivity in the 2 to 4 kHz region (Hall, 1992; Stapells, Picton,
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Perez-Abalo, Read, & Smith, 1985). Masking techniques to improve frequency specificity
using click stimuli have not been proven to limit cochlear activation (Hall, 1992). Both
ASHA (1987) and Hall (1992) highlight concerns regarding the extent and effect of
masking noise spread into the stimulus region. The clinical application of these and the
derived response ABR methods, also used in an attempt to improve frequency specificity,
are limited, as they are technically demanding and may be more time consuming (ASHA,

1987; Hall, 1992).

The click-evoked ABR remains important as an indication of the integrity of the auditory
nerve and the brainstem auditory pathways, and provides a tool for screening for hearing
loss in infants (Stapells, 2002). The lack of frequency specific behavioural PT threshold
information offered by click-evoked ABR is, however, a significant limitation for use with
adults exposed to occupational noise (and consequently at risk of developing a high
frequency hearing loss), for which frequency specific behavioural PT threshold estimation
is required to determine percentage loss of hearing in accordance with South African

legislation on occupational noise exposure (COIDA, 2001).

ABR to brief tones can be used to obtain more frequency specific threshold information
than is available from the click-evoked ABR. However, the abrupt rise-fall times of the
tone burst ABR stimuli (relative to the longer stimulus envelope of the tone bursts utilized
for SCAEP), although necessary to best elicit the ABR, negatively influences frequency
specificity and increases spectral splatter (ASHA, 1987; Hall, 1992; Stapells, 2002). The
ability to obtain a place specific response is constrained by neural synchrony and the
travelling wave mechanics of normal cochlear function (Cone-Wesson, Dowell et al.,
2002). As a consequence hereof, some authors have found poor correlates of low
frequency behavioural PT threshold estimation using tone burst ABR (Hayes & Jerger,
1982; Gorga, Kaminski, Beauchaine, & Jesteadt, 1988). Tone burst ABR waveforms,
especially for low frequency stimuli, tend to be less distinct and more difficult to identify
than the click or high frequency tone burst ABR (ASHA, 1987). As subjective response
detection is required for tone burst ABR, clinician experience is a critical variable in

accuracy of behavioural PT threshold estimation.
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Studies including those by Picton, Ouellette, Hamel and Smith (1979), Purdy and Abbas
(1989), and Stapells, Picton and Durieux-Smith (1994), concluded that steeply sloping
high frequency hearing losses (i.e. with 40 dB difference in behavioural PT threshold
between adjacent octaves) may be underestimated, due to brief tone burst’s spectral
splatter which stimulates the better hearing sensitivity at the adjacent frequency. Stapells
et al. (1985) recommend the use of ipsilateral notched noise when testing with high
intensity tone bursts in order to limit the region of the basilar membrane which can
contribute to the response, increasing the frequency and place specificity of the tone burst
ABR. Software with the option of ipsilateral notched noise is, however, limited and not
currently widely utilized in clinical practice. Output limitations are also a concern with
tone burst stimuli, particularly for low frequency tone bursts for which ABR thresholds

are often elevated relative to behavioural PT threshold (Vander Werff et al., 2002).

The brief review of current knowledge of click and tone burst ABR has highlighted certain
limitations of the ABR, specifically when dealing with a sloping, high frequency hearing
loss, as is typically the case with noise induced hearing loss. The accuracy of behavioural
PT threshold estimations from ABR may be influenced by clinician experience, especially
at low frequencies, while the accuracy of high frequency thresholds may be affected by
spectral splatter of the ABR tone burst stimuli. Inaccurate estimations of behavioural PT
thresholds result in incorrect determination of percentage loss of hearing in accordance
with South African legislation on hearing disability and compensation (COIDA, 2001;
South African Occupational Health and Safety Act, 2003). This in turn negatively affects
the cost efficacy of national occupational health programs. Cost efficacy is important in
South Africa as the development of the economy is the second of the three major
objectives of the Reconstruction and Development Program (South African Department of

Health, 1997).

In addition to the ABR, electrocochleography is classified as an early latency AEP.
Electrocochleography is primarily used clinically in the evaluation of Méniere’s Disease
or endolymphatic hydrops, identification of ABR wave I, and intraoperative monitoring
(Ferraro, 2007). The application of electrocochleography for the estimation of behavioural
PT hearing thresholds has been reported (Laureano et al., 1995). Ferraro and Ferguson

(1989) found no significant differences between the thresholds obtained with
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electrocochleography using a transtympanic electrode and conventionally recorded ABR
thresholds in individuals with normal hearing. Electrocochleography using an
extratympanic electrode does not require sedation or anaesthetic and results in minimal
discomfort, but behavioural PT threshold estimations are not as reliable as those obtained
using the transtympanic technique (Probst, 1983). However, despite this, both ASHA
(1987) and Ferraro (2007) state that it is unlikely that electrocochleography will emerge as
a routine clinical tool for estimating hearing sensitivity as other electrophysiological

approaches are easier, less invasive and take less time to administer.

The middle latency AEP is an electrophysiological recording of the electrical activity of
the auditory thalamus and early auditory cortex (Ruth & Lambert, 1991). It occurs from
10 to 80 ms after click or tone burst stimulus onset. The waveform consists of four
positive waves (Po, Pa, Pb, Pc) and three negative waves (Na, Nb, Nc; Musiek, Geurkink,
Weider, & Donnelly, 1984). Wave Pa is the most prominent and most robust component
of the middle latency response. Generators in the auditory thalamus and early primary
auditory cortex contribute to the Pa component of the response (Hall, 1992). Middle
latency AEP, therefore, evaluates the auditory pathway in practically its entirety. With
behavioural PT audiometry as the gold standard and most comprehensive audiometric
procedure, the extent of the auditory pathway evaluated by the middle latency response
constitutes an advantage over earlier latency AEP such as the ABR and
electrocochleography. In addition, several authors report agreement between middle
latency AEP and behavioural PT responses (Hall, 1992; Oates & Stapells, 1997; Xu, De
Vel, Vinck, & Van Cauwenberge, 1995). However, as a consequence of the central
anatomic origins of the middle latency AEP response, sleep and sedation affect the
response by reducing the amplitude of the Pa (Musiek et al., 1984). This is a disadvantage

for the purpose of assessment of infants and children.

Hall (1992), Musiek et al. (1984), and Oates and Stapells (1997) advocate the use of
middle latency AEP due to good frequency specificity. However, Cacace and McFarland
(2002) caution against the use of middle latency AEP for behavioural PT threshold
estimation in patients with steeply sloping, high frequency hearing loss. Middle latency
AEP may underestimate the magnitude of high frequency hearing loss due to the spread of

excitation to lower stimulus frequencies as intensity is increased (Cacace & McFarland,

11
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2002). The use of middle latency AEP may therefore not be the ideal AEP tool for use in a
population typically at risk of a high frequency hearing loss, as is the case with individuals

exposed to occupational noise.

This review of the theoretical and clinical knowledge of AEP used for the purpose of
behavioural PT threshold estimation has therefore identified certain limitations of the
ABR, electrocochleography and middle latency AEP which may affect the accuracy of
behavioural PT threshold estimations with individuals that present with a steeply sloping
high frequency hearing loss. Several authors have, however, named SCAEP as the
measure of choice for individuals exposed to occupational noise and at risk of developing
a high frequency hearing loss (Alberti et al., 1987; Coles & Mason, 1984; Hone et al.,
2003; Hyde, 1997; Hyde, Alberti, Matsumoto, & Li, 1986; Lightfoot & Kennedy, 2006;
Prasher, Mula, & Luxon, 1993; Rickards & De Vidi, 1995; Stapells, 2002; Tsui, Wong, &
Wong, 2002). Stapells (2002) states that the SCAEP is ideal for use when an objective
estimate of behavioural PT hearing thresholds are required for a patient who is likely to be

passively cooperative and alert.

The SCAEP is a transient scalp potential complex evoked by any change in the perceived
auditory environment that is sufficiently abrupt (Hyde, 1997). This AEP occurs at 50 to
300 ms following stimulus onset, and follows the cochlear and eighth cranial nerve
responses, the ABR and the middle latency AEP in the time domain (Stapells, 2002). The
SCAEP is characterized by a P1-N1-P2 sequence of waveforms. Hall (1992) states that
SCAEP is the ideal response for frequency specific electrophysiological auditory
assessment from a stimulus perspective due to the reduced spectral splatter and increased
frequency specificity. This frequency specificity is achieved because the SCAEP can be
evoked by tone bursts of relatively long rise-fall times and duration in comparison with
the abrupt rise-fall times required to elicit ABR using toneburst stimuli (Ferraro &
Durrant, 1994). Better frequency specificity results in AEP thresholds that are closer to
behavioural PT thresholds in a variety of audiometric configurations. The susceptibility of
this response to state of arousal renders SCAEP unsuitable for use with infants and young
children (Hood, 1998). However, with co-operative adults exposed to occupational noise,
the population targeted in the present study, the sensitivity of the SCAEP to state of

arousal does not constitute a disadvantage. Reading or mental alerting tasks are sufficient
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to ensure that adults remain alert without the decrease in response amplitude and increase
in threshold intensity associated with sleep and drowsiness (Hyde, 1997; Stapells, 2002).
The SCAEP response is also more resilient to electrophysiologic noise arising from small

movements than are the earlier AEP (Stapells, 2002).

Hone et al. (2003) listed the advantages of SCAEP, stating that SCAEP is non-invasive,
are recorded from a higher auditory level than electrocochleography or ABR, and are
therefore less likely to be affected by neurologic disorders. Stapells (2002) states that the
SCAERP is representative of the complete auditory system. The author further explains that
the presence of N1 to a stimulus provides physiologic evidence of the arrival of the
stimulus at the auditory cortex. The N1 therefore reflects the presence of the audible
stimulus. The N1 is the vertex negative peak with a latency of approximately 100 ms,
which, together with the P2 positive peak, comprises the most prominent component of

the SCAEP.

Middle ear pathology will affect the latency of the components of the SCAEP. The
presence of middle ear pathology, as is often found in individuals who are HIV positive
(Bam et al., 2003; Hoffmann et al., 2007; Robinson et al., 2007; Swanepoel, 2000), which
constitutes a large portion of the working population in South Africa (Davies et al., 2002;
Pelser & Redelinghuys, 2006; Stevens et al., 2006), will result in a delayed N1 and P2
latency. Yet increased response latency is likely to have a minimal effect on response
amplitude and threshold intensity (Hyde, 1997). Therefore middle ear pathology has no
effect on the SCAEP thresholds and behavioural PT threshold estimation from SCAEP
thresholds.

Numerous studies have demonstrated that the SCAEP thresholds and behavioural PT
thresholds are typically measured within 10 dBHL (decibel hearing level) of each other
(Alberti et al., 1987; Hyde, 1997; Hyde et al., 1986; Stapells, 2002). It has been reported
that SCAEP thresholds can provide a closer estimate of behavioural PT thresholds than
ABR thresholds (Hyde, 1997). Tsui et al. (2002) point out that the larger SCAEP response
amplitude results in fewer averages being needed to yield a noise free repeatable
waveform than ABR. Behavioural PT threshold estimation is consequently time efficient.

A recent study by Lightfoot and Kennedy (2006) reported that, by using an efficient test
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protocol that automates certain tasks, a six threshold estimate of behavioural PT threshold
using SCAEP took on average only 20.6 minutes to complete. It is logical to conclude
from the preceding discussion regarding AEP that SCAEP is appropriate for the purpose
of behavioural PT threshold estimation in an adult population exposed to occupational
noise and at risk of noise induced hearing loss. Despite this, SCAEP is rarely utilized for
this population in South Africa. The limited availability of the equipment required to
perform SCAEP in the past, the cost of the equipment and the lack of clinicians
experienced in the interpretation of SCAEP threshold responses may be the reason for

this.

Over the past decade, a new clinically available AEP technique, the ASSR has been
proposed as an alternative AEP for behavioural PT threshold estimation (De Koker, 2004;
Dobie & Wilson, 1998; Herdman & Stapells, 2003; Hyde et al., 1986; Hsu, Wu, & Liu,
2003; Lins et al., 1996; Rance, Rickards, Cohen, De Vidi, & Clark, 1995; Vander Werff et
al., 2002; Van Maanen & Stapells, 2005). The ASSR is a brain potential evoked by
continuous stimuli characterized by periodic modulations in amplitude of a carrier
frequency (Jerger, 1998; Vander Werff et al., 2002). It yields a waveform closely
following the time course of the stimulus modulation and a response specific to the
frequency of the carrier (Cohen, Rickards, & Clark, 1991; Jerger, 1998). The response is
generated when the stimulus tones are presented at a rate that is sufficient to cause an
overlapping of transient potentials (Rance, Dowell, Rickards, Beer, & Clark, 1998). By
varying the intensity of the eliciting stimulus, one can seek the threshold response (Jerger,

1998).

ASSR testing, using continuous modulated tones, offers significant advantages over
techniques that require transient stimuli (Rance et al., 1998). As the tones are continuous,
they do not suffer the spectral distortion problems associated with brief tone bursts or
clicks. As such, they are comparatively more frequency specific than responses to
transient stimuli (John & Picton, 2000). This specificity allows testing across the
audiometric frequency range, including sloping high frequency hearing losses, reducing
the possibility of underestimation of high frequency behavioural PT thresholds due to poor
frequency specificity for this audiometric configuration (Lins et al., 1996; Herdman &

Stapells, 2001; Rance, Rickards, Cohen, Burton, & Clark, 1993; Rance et al., 1995).
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Assessment at high intensity levels (i.e. up to 120 dBHL) is possible, due to the
continuous nature of the ASSR stimuli and hence the absence of calibration corrections to
account for temporal summation differences between short and long duration signals

associated with stimuli such as tone bursts and clicks (Rance et al., 1998, 2005).

Initially, the most widely studied ASSR was evoked by stimuli presented at rates near 40
Hz (Galambos, Makeig, & Talmachoff, 1981; Schimmel, Rapin, & Cohen, 1974; Stapells,
Linden, Suffield, Hamel, & Picton, 1984). In sleeping or sedated adults, 40 Hz ASSR
amplitudes are smaller than in the awake state (Aoyagi et al., 1993; Galambos et al., 1981;
Linden, Campbell, Hamel, & Picton, 1985). ASSR to tones modulated at frequencies
between 80 and 100 Hz, however, are minimally affected by sleep or maturation (Cohen et
al., 1991; Levi, Folsom, & Dobie, 1993; Lins & Picton, 1995; Rance et al., 1995) and can
therefore be recorded in children and infants (John & Picton, 2000). Another advantage of
the ASSR is that multiple frequencies can be evaluated simultaneously, in one or both
ears, without significant loss in the amplitude of any of the responses, provided each
stimulus has a different modulating rate and the carrier frequencies differ by one octave or
more (John & Picton, 2000; John, Lins, Boucher, & Picton, 1998; John, Dimitrijevic, Van
Roon, & Picton, 2001; John, Purcell, Dimitrijevec, & Picton, 2002; Lins & Picton, 1995;
Picton, Dimitrijevic, John, & Van Roon, 2001). This may reduce the testing time required

to obtain behavioural PT threshold estimation.

Clinical use of the ASSR is greatly facilitated by the objective response detection which is
measured in either the time or frequency domain using various statistical methods (Picton,
John, Dimitrijevic, & Purcell, 2003). Errors that result from observer bias or from poor
inter-observer and intra-observer reliability, are therefore eliminated by the objective
response detection (Gans, Del Zotto, & Gans, 1992; Rose, Keating, Hedgecock, Schreurs,
& Miller, 1971). In addition, an experienced tester is not required to report ASSR
threshold findings, as no subjective interpretation of waveforms is required. The objective
response detection of an ASSR response can control bias, perform with stable and known
sensitivity, and can outperform human observers (Arnold, 1985; Champlin, 1992; Dobie

& Wilson, 1995; Valdes-Sosa et al., 1987).
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Several characteristic