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“Whai we see now is like a dim image in a mirror; then we shall see face to
face. |Vhat | know now is only partial; then it will be complete — as complete as
God'’s knowledge of me. Meanwhile these three remain: faith, hope and love;

and t} e greatest of these is love”. 1 Corinthians 13:12-13

Dedicated to Professor Brenda Louw and my mother, Maryna Clarke
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Summary
Tille: The prediction of hearing thresholds with dichotic
Multiple Frequency Steady State Evoked Potentials

compared to an Auditory Brainstem Response protocol.

N: me: Dunay Liezel Schmulian

Promotor: Prof. S. R. Hugo

Co-promotor: Dr. R. de Waal

D¢:partment: Communication Pathology, University of Pretoria
Degree: D. Phil: Communication Pathology

Even though a test battery approach is necessary to assess auditory function on
siveral levels for hearing assessment, the pure tone test is considered the most
time efficient, accurate tool to profile hearing at barely audible levels as a function of
fraquency in the co-operative patient. There are, however, patients unable to co-
oserate under standard testing conditions, in which case, the pure tone test is
rendered useless or incomplete. Subsequently, objective testing procedures such as
evoked potentials are utilized to categorize hearing across the severity and
canfigurations of hearing loss and are defined as testing procedures that require no

valuntary response from the patient.

The Auditory Brainstem Response test protocol (ABR) is generally accepted as the
niost commonly used evoked potential technique utilized in the categorization of
hearing across a frequency spectrum when conventional testing is invalid. Recently
¢ new evoked potential technique has been developed, the dichotic Multiple
Frequency Auditory Steady State Evoked Potential (Mf ASSEP). For audiometric

rurposes, SSEP have some advantages over ABR. However, no comparison
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botween the Mf ASSEP and other evoked potentials that are currently used with high

fraquency, such as the ABR, has been attempted (Sininger & Cone-Wesson, 2002).

T1e aim of the study was to determine the validity and accuracy of dichotic Mf
ASSEP for use in predicting hearing status in comparison to the Gold Standard of
p ire tone audiometry as well as the evoked potential standard of auditory brainstem
response (click and tone burst at 500 Hz stimuli) in a group of normally hearing and
a group of adolescents with hearing loss. Pure tone air conduction thresholds
batween 500- 4000 Hz were predicted with the Mf ASSEP technique and ABR.

Furthermore, the duration of testing for each procedure was calculated.

F esults indicated that the Mf ASSEP could predict pure tone thresholds between
500-4000 Hz irrespective of severity, or particular configuration of hearing loss
across the frequency spectrum more accurately, and with more frequency specificity,
vihen compared to the ABR protocol. The procedure was also more time efficient
end objective. The Mf ASSEP technique could not, however, provide additional
ciagnostic information of neural synchrony such as is possible with the Auditory
Eirainstem Response. It was, therefore, concluded that both procedures should be
included in test batteries, specifically when used with difficult-to-test populations, as
each provides unique information of particular importance to the audiologist

z ttempting to predict hearing in difficult-to-test populations.

ey words: Evoked potentials, auditory brainstem response, dichotic muiltiple
frequency auditory steady state evoked potential, difficult-to-test populations, degree

of hearing loss, configuration of hearing loss, objective, frequency specificity.
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Opsomming
Titel: Die voorspelling van gehoordrempels met digotiese
Veelvuldige Frekwensie Standhoudende Ouditiewe
Potensiale in vergelyking met ‘n Ouditiewe Breinstam

Respons protokol

Naam: Dunay Liezel Schmulian

P ‘omotor: Prof. S.R. Hugo

Mede-promotor: Dr. R. de Waal

D2partement: Kommunikasiepatologie, Universiteit van Pretoria
Graad: D. Phil: Kommunikasiepatologie

Ten spyte van die feit dat ‘n toetsbattery benodig word om ouditiewe funksionering
cp verskeie viakke van gehoorevaluasie te bepaal, word die suiwertoontoets tans
steeds beskou as die mees tyd-effektiewe en akkurate metode om gehoor, as ‘n
fiinksie van frekwensie, by net-hoorbare intensiteite te peil by die samewerkende
fasiént. Daar is egter sommige pasiénte wat nie die nodige samewerking kan
verskaf tydens standaard oudiometriese toetsing nie, en sodoende die effektiwiteit
van die suiwertoontoets merkbaar verswak. Gevolglik word objektiewe prosedures,
soos ontlokte potensiale, wat geen willekeurige respons van ‘n pasiént vereis nie,

k enut om hoorvermoéns ten opsigte van graad en komfigurasie te kategoriseer.

[lie Ouditiewe Breinstam Respons toetsprosedure (OBR) word huidiglik algemeen
eanvaar as die mees algemeen gebruikte ontlokte potensiaaltegniek tans in gebruik
vir die kategorisering van gehoor oor die frekwensie spektrum wanner
konvensionele toetsing onbetroubaar is. Daar is egter in die afgelope aantal jare 'n
ruwe ontlokte potensiaal tegniek beskryf, die digotiese Veelvuldige Frekwensie
¢itandhoudende Ontlokte Potensiaal. Vir oudiometriese doeleindes het die

standhoudende response sekere voordele bo die OBR. Geen direkte vergelyking is
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eyter tot op datum gemaak tussen die standhoudende ontlokte potensiaal tegniek en
diz ander ontlokte potensiaal tegnieke wat' tans algemeen gebruik word soos die

OBR, nie.

D e studie het ten doel gestel om die geldigheid en akkuraatheid van die digotiese
vuelvﬁldige frekwensie stanhoudende ontlokte potensiaal te bepaal in vergelyking
et die Goud Standaard van suiwertoonoudiometrie, asook die ontlokte potensiaal
te gniek van OBR (klik en toonpols by 500 Hz as stimuli) by ‘'n groep normaalhorende
p:rsone sowel as persone met gehoorverlies. Daar is gepoog om
siliwertoonluggeleidingdrempels tussen 500- 4000 Hz tes voorspel met die
Vzelvuldige Frekwensie Standhoudende Ontlokte Potensiaal en ‘n OBR protokol.

Cie duur van elke toetsprosedure is telkens bereken.

Cie resultate het aangetoon dat die Veelvuldige Frekwensie Standhoudende
Response in staat was om suiwertoondrempels tussen 500-4000Hz meer akkuraat,
e1 met verhoogde frekwensie-spesifisiteit te voorspel,ongeag van die graad van
varlies of die verloop van die oudiogram, in vergelyking met die OBR protokol. Die
p-osedure was ook meer tydeffektief en objektief. Die Veelvuldige Frekwensie
Standhoudende Ontlokte Potensiaal kon egter nie addisionele diagnostiese inligting
oor neurale sinkronisasie verskaf nie, ‘n parameter wat wel deur die manipulasie van
de klik-ontiokte OBR moontik is. Op grond hiervan word voorgestel dat beide
tegnieke ingesluit behoort te word in toetsbatterye, ten einde elkeen se unieke

bydrae te benut, veral in drempelbepaling in moeiliktoetsbare populasies.

S eutelwoorde: Ontlokte potensiale, ouditiewe breinstam respons, digotiese
veelvuldige frekwensie ouditiewe stanhoudende ontlokte potensiaal, moelik toetsbare
populasies, graad van gehoorverlies, konfigurasie van gehoorverlies, objektief,

frekwensie spesifiek.
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CHAPTER ONE
PROBLEM STATEMENT AND RATIONALE FOR THE STUDY

1.1 INTRODUCTION
“Omnes homines naturaliter sure desiderant”
All men naturally desire to know

The form and function of the hearing mechanism have captured the imagination of artists
and scientists through the ages. From the scientific perspective, the discipline of
Audiology, derived from the Latin root audire (to hear) and the Greek suffix logos (the
stutly of), essentially encompasses the exploration of normal and abnormal hearing
across a wide span of populations. Early reports of such endeavors date back as far the
writ ngs of Aristotle: ("Those who are born deaf all become senseless and incapable of
reason”) and Plato: (“men expend fruitless labor, just as they do in astronomy, in
me.asuring audible tones and chords”). From these statements, the two main streams of
auciology can be derived, namely, rehabilitative audiology concerned with the
ma 1agement of the person with hearing loss, and diagnostic audiology concerned with
the categorization of hearing as normal or abnormal within selected parameters. The
lattsr is the focus of this text. Novak & Schier coined the term ‘audiologist’ in the 1930s.
It referred to persons responsible for hearing aid fitting. It was not until the end of World
War II, with the return of thousands of veterans in need of diagnostic and rehabilitative
ser/ices, including hearing services, that audiology centers emerged in a variety of

set ings such as hospitals, private institutions and universities (Martin, 1986). “Such was
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part of the legacy we inherited when the science of modern audiology began more than

four decades ago” (Martin, 1986:15).

More than 15 years have passed since the above statement was made and, in
retrospect, prolific researchers like Jerger, Carhart and their peers have wrought
changes that, in the words of Luterman (1986:249) were “previously conceived as
unattainable flights of fantasy”. Some of the diagnostic panaceas have come and gone,
usually because they have been replaced with automated and combination
conmputerized versions of previously manual procedures. Audiology too, has been
toushed by the powerful hand of technology. Even though benchmark activities have
occurred in diagnostic audiology, and their effects have aided enormously in
uncerstanding hearing ability, certain things remain unresolved. In some ways the field
of adiology is facing uneasy times, as “at the present time and the foreseeable future
engineering (technological) capabilities will far exceed our capacities to exploit them

clirically” (Ross, 1986:36; parentheses mine).

Amid the constant flux between the novel and the traditional, the pure tone test still
stads firm, as it did in the early days, as the cornerstone of hearing assessment (Katz,
20(12). The pure tone audiogram remains the starting point to the entire diagnostic
prccess, as well as the transitional point from which diagnostics moves into the

ref abilitative domain.

Th: voluntary motor response to a pure tone, indicating that sound was perceived, is
ho'vever, unattainable in some of the populations that audiologists serve. These persons
are considered, for a variety of reasons, as difficult-to-test. The purpose of this chapter is
to delineate the procedures, and their rationales, implemented within these so-called

2
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diffiult-to-test populations in diagnostic audiology. Their characteristics will be
des sribed, followed by an outline of the existing thought processes and procedures that
govarn current practice. Issues that relate to the inferential nature of current hearing
assassment and the test battery approach are addressed with attention to the

crosischeck in audiometric results.

This; will serve as a logical introduction to the so-called objective testing methods, the
role of which changes from that of substantiation (with objective testing as a strong
croscheck) to serving as the primary tool in estimating hearing acuity in cases where

voluntary responses to sound are inconclusive or inaccurate.

The: Auditory Brainstem Response (ABR) test procedure is generally described as the
stardard evoked potential technique utilized in the categorization of hearing across a
fre(juency spectrum when conventional testing is invalid. The most persistent challenges
fac2d by the ABR will be presented, and, within this paradigm, an alternative to the ABR
narnely Auditory Steady State Evoked Potentials (ASSEP) is introduced, which is

positulated to overcome some of the caveats of existing techniques.

1.2 THE NECESSITY FOR A TEST BATTERY AND THE CROSS CHECK
PRINCIPLE IN DIAGNOSTIC AUDIOLOGY

Th> transformation of new discoveries into practical clinical procedures has been a

fre uent occurrence in audiological test development over the past three decades”

(Gorga 1999:29). After three decades, there have been tremendous gains in the

knowledge of the hearing mechanism in normal and pathologic ears. Advances in

technology have assisted the refinement of testing procedures, and elaborate support

sy:tems have been developed to sustain these enterprises. It is somewhat astounding to

3
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realze the ongoing challenge of the prediction of hearing status in an era of

tect nological innovations that profoundly and constantly influence the field of audiology.

It is then with much humility that audiologists should make two diverse but related
ack owledgements. Firstly, no form of audiometric endeavor has been developed that
directly measures the subjects awareness of sound (Goldstein & Aldrich, 1999).
Secondly, there is no audiometric procedure that can singly infer all aspects of hearing in

a consistent and adequate manner (Hall, 1992).

The audiometric process, in its true essence, remains inferential: an acoustic signal is
presented, a reaction occurs based on awareness in some component of the auditory
sys:em of the person, and hearing is inferred from the reaction (Goldstein & Aldrich,
19¢9). This reaction can take many forms, depending on the test situation and the client.
It can take the form of an involuntary change in behavior such as a startle reflex, or a
res yonse that occurs voluntarily such as the pressing of button following a signal. It may
be an acoustic response from the ear itself such as an oto-acoustic emission, or a

che nge in the electrical property of the body.

The: second fact alludes to the necessity for a test battery. The rationale for the use of a
var ety of tests in hearing assessment is compelled by the complexity of the ear as well
as by the need for the provision of responsible and effective assessment of the
funztioning of this complex system (Hannley, 1986). The ear can be visualized as a
system comprising a series of components with distinct functions organized in a quasi-
hie -archical manner from the periphery to the center (Hannley, 1986). Impairment at a
petipheral level dominates the hearing profile over central impairments. The distortion
placed on the auditory signal by the impairment becomes additive and multiplicative as

4
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soud progresses to the center, entangling symptoms as progression continues up the
hierarchy. In an attempt to disentangle the constellation of symptoms, the test battery is
introduced to this system to pinpoint impairment, identify co-existing disorders and
provide an overview of contributions to normal and abnormal reactions to auditory

stirr uli.

As an extension of the test battery, the crosscheck principle is proposed. This was
introduced by Jerger & Hayes (1976) to accommodate the influence of multi-level
patiology on the hearing mechanism. The crosscheck principle states that single test
resilts are not accepted as conclusive evidence of the nature, degree and site of
pathology without the support of at least one additional test (Jerger & Hayes, 1976;

Hannley, 1986; Bachman & Hall, 1998).

The: strongest crosscheck is provided by objective physiological test results to verify
threshold data as well as data characterizing the site and nature of pathology (Hannley,
19¢6:3) that remain independent of the patient's voluntary responses. The physiological
tes procedures counter the inherent flaws in human response, thereby minimizing the

probability of an incorrect diagnosis.

At ‘he advent of this millennium, a variety of procedures are available to determine and
cross check audiometric performance. These procedures no longer only rely on the
traditional, long-established, behavioral psycho-acoustic tests with pure tones and
speiech, but also on radiology, brainstem imaging, middle ear measures, ear canal
emissions, tests of vestibular function and, specifically related to this study, evoked
polential measurements. Within the test battery and cross check context, however, the
gold standard for measuring hearing sensitivity continues to be the voluntary behavioral

5
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resg-onse of a person to pure tones as obtained in standard behavioral testing. It remains
the least expensive and most definitive audiometric procedure to measure auditory
thresholds as a function of frequency (Gorga, 1999; De Waal, 2000). Based on the pure
tone: audiogram, the presence or absence of a hearing loss can be determined and
monitored over time, while the severity, degree and configuration of hearing loss can,

furthermore, be quantified and managed based on the findings.

The situation does not, however, remain as clear-cut as it may sound from the previous
discussion across the client populations that require hearing assessment. Because of
the inferential nature of hearing assessment, audiologists are required to compensate
thrcugh the utilization of a test battery based on the crosscheck principle. The following
secion discusses the challenge of providing accurate hearing assessment when the
auciologist can no longer rely on the patient’s co-operation in the pure tone audiometry

setling.

1.3 DIAGNOSTIC AUDIOLOGY IN DIFFICULT-TO-TEST POPULASTIONS -
INTRODUCTION TO AUDITORY EVOKED POTENTIALS
The well-known author Paul Anderson is credited with once stating:’/ have yet to see
any problem, however complicated, which if you look at it the right way, did not become
still more complicated”. Such is the case with populations who are unable to provide the
necessary voluntary behavioral responses required for the pure tone audiogram. These
pog ulations are often referred to as “difficult-to-test—with pure tone audiometry” or, in
shcrt, “difficult-to-test”. They cannot, for some or other reason, participate sufficiently in
cor ventional testing procedures. Thus, pure tone testing is precluded and/or the results
ten to be inaccurately or poorly defined. According to Balfour, Pillion & Gaskin (1998)
diff cult-to-test populations deal with the too young to test, too critically ill to test,

6

~ © University of Pretoria



&
E.a UNIVERSITEIT VAN PRETORIA
0 UNIVERSITY OF PRETORIA
- 1

NIBESITHI YA PRETORIA

subionscious patients, patients mentally incapable of providing co-operation, as well as
sub ects who refuse to co-operate. It is in the assessment of populations like these that
the audiologist has to rely heavily on objective evaluation procedures. In these cases,
the “objective physiological test' repositions itself from being a valid tool in cross
che king other results to being the primary diagnostic tool in the assessment protocol

(Hanley, 1986:3).

The technological development that ensured the capability to record from the scalp
(namely, evoked potentials that are generated at various levels of the nervous system)
has enabled a multitude of applications relevant to the assessment of the ear, hearing
anc components of the nervous system (Ferraro & Durrant, 1994). This development
has been pivotal within the quest for an optimal, objective audiological diagnostic
prosedure to aid in the assessment of persons regarded as difficult-to-test with

bet avioral testing.

Lin:; et al. (1996) confirmed the above by stressing that early auditory evoked potentials,
in particular the ABR, are critical and essential in threshold prediction in difficult-to-test
por ulations. The ABR remains the logical finale in the arsenal of procedures required in
the evaluation of hearing when traditional behavioral tests are precluded or their results

are inconclusive (Robinette, 1994).

On 2 of the main applications of ABR in hearing prediction is concerned with the attempt
to sategorize sensitivity for pure tones as normal or impaired in a similar way to the
traditional behavioral audiometry and/or to gain more information regarding the site-of-

leson in diagnostic audiology. It is particularly in the categorization of pure tone
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se 1sitivity that the ABR is faced with challenges. The challenges will be discussed in

terms of definitions and operational difficulties.

1.4 CHALLENGES FACED IN THE DEFINITION AND EXECUTION OF EVOKED
POTENTIAL MEASUREMENTS

First and foremost the challenges pertain to the establishment of a clear and precise

name for hearing assessment using auditory evoked potentials. Too often the term is

inz ppropriate for what it is in the most fundamental sense. In fact, the entire field of

aulitory evoked potentials is burdened by hasty and confusing nomenclature and

de‘initions. A very practical example of this, which is not directly related to this study but

mzkes a clear point, is the use of the term auditory neuropathy (Starr et al., 1996).

The absence of auditory nerve function in the presence of cochlear integrity is referred to
as auditory neuropathy (Hall, 2000). However, on further exploration of this unusual
finding, and in recognition of case reports indicating high incidence of hiperbillirubenemia
an1 cerebral palsy, a more appropriate term to consider would be poli-neuropathy with a
siti? of lesion on the auditory nerve (Hall, 2000, italics mine). The consequences of this
mi:snomer have implications for appropriate management. The term auditory neuropathy
do3s not fully encompass the multidisciplinary approach required to effectively manage
this type of client, while polineuropathy covertly insists on the hypothetical input of,
am ong other professionals, a paediatric neurologist, ear nose and throat specialist and
oci;upational therapist. The broader concept of confusing classification and definitions

wil be discussed in detail in Chapter 2.
Definitions aside, some of the other challenges faced by the use of auditory evoked

po ential have been published in papers of the eighties and nineties. Seventeen years

8
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agn, Kimura (1985:79) expressed concern about the abuse and misuse of the commonly
uscd evoked potential technique, the ABR, when he stated that: the flaws in the current
evoked response practice are multitude and include such as fundamental matters as the
lack of technical knowledge, limited experience in interpretation, and the absence of
apyropriate control values for comparison”. Although accurate estimates of low
frerjuency (with brief tone burst stimuli) and high frequency (with click stimuli) pure tone
behavioral threshold predictions can be obtained, many of these challenges have
peisisted:

* An ABR test is a time-consuming procedure, and it can take up to 30 minutes to
obtain a single ABR threshold at one ear (Weber, 1994).

o Investigators have attempted many techniques to gain reliable and frequency
specific hearing predictions through the use of masking and filtering paradigms. The
knowledge about and the availability of these filters and attenuators in most clinical
settings are limited and the tone burst is unmasked in most facilities (Balfour et al.,
1998).

e The demand for technical waveform manipulation and the availability of the software
to generate the latest generation sophisticated stimuli are not clearly evident in
clinical practice, not to mention the extremely high cost involved in obtaining the

software (Hyde, 1991; Gorga, 1999).

Go-ga (1999) expresses concern about the situation when he declares that, whatever
the reasons for the lack of utility of the masking and filtering techniques, whether lack of
kncwiedge or the cost involved, the damage is ultimately inflicted on the patient. Poor
and inaccurate diagnostic procedures would surely result in sub-standard

recommendations regarding the rehabilitation of the disorder. The value of increased
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knowledge about these techniques would be to ensure that the patients would benefit

from the sensitivity provided by such techniques (Gorga, 1999).

1. PURPOSE OF THE STUDY

As with most scientific endeavors, the search for increased knowledge has diverged into

otrer techniques. One of most recent undertakings to obtain frequency specific objective

hearing threshold predictions, without some of the problems facing ABR, is the

amplitude modulated Steady State Response, or Frequency Following Response to

tonal stimuli (Kuwada, Batra & Maher, 1986). This technique employs a continuous tone,

amplitude-modulated at a frequency that provokes a Steady State Response at the

freijuency of modulation (Chambers, Feth & Burns, 1986; Rickards & Clark, 1984). For

aucliometric purposes, ASSEP have some advantages over ABR, such as:

¢ The measurement is an example of true objectivity. Automated response detection is
used in the frequency domain and therefore neither peaks nor troughs need to be
identified in the time domain. No response is required from the patient and no
interpretation is required from the researcher/ investigator (Lins et al., 1995, Perez-
Abalo, et al., 2001).

¢ The techniques used to determine the presence or absence of a response at a
specific modulation frequency to the noise at the adjacent frequencies and to assess
the reliability of responses automatically are clear and precise (John & Picton, 2000).

* The ASSEP can be evoked by definite frequency specific stimuli. For example, the
loss of hearing sensitivity may be independently and accurately pinpointed in the
high, middle and low frequency range, and appropriate amplification may be selected
for that particular hearing loss without any responses from the patient. The difficulty
with the use of the ABR in this regard is that the ABR causes a greater spread of
energy into frequencies other than the nominal frequency and needs masking noise

10
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to reduce the effect of the spectral splatter caused by the energy (Cohen, Rickards &
Clark, 1991; Aoyagi et al., 1994; Rickards et al., 1994; Rance et al., 1998). The
ASSEP can be recorded down to 20-30 dB above behavioral thresholds in normally
hearing adults and even closer to pure tone threshold in mild-moderate hearing
impairment, in any state of wakefulness or sleep (John & Picton, 2000).

e Further additional benefits include the weli-established and clearly defined signal and
noise estimators (Lins & Picton, 1995; Lins et al., 1996).

* According to Lins et al. (1996) the final results may also be presented as a
conventional audiogram, thereby combining the vital information about the degree
and nature of the traditional audiogram with the objectivity of an evoked potential — a

critical benefit that cannot be provided by ABR to date.

De:pite the exiting advantages postulated for the ASSEP, the collection of ear specific
threshold estimates is time consuming, usually averaging about 48 recordings per
sutject in a population where time is usually of the essence (for example infants and
othar categories of uncooperative patients). Lins & Picton (1995) propose the use of
multiple amplitude-modulated tones in a complex acoustic stimulus presented to each
ear (Multiple frequency Auditory Steady State Evoked Potential, or Mf ASSEP). When
caro is taken to separate the modulation frequencies at least an octave apart for the
difforent carrier tones, different regions of the cochlea may be stimulated simultaneously.
In &n acoustic envelope containing amplitude-modulated tones at 0.5, 1,2 and 4 kHz,
thetie four frequencies may be assessed simultaneously while obtaining separate results
for cach of them. Moreover, the technique could include both ears provided that there is
a different modulation of each ear. In such a scenario, four frequencies can be

simuitaneously explored in both ears reducing the procedure to approximately eight

11
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recordings for an entire “audiogram” (Lins & Picton, 1995; Lins et al., 1996, Perez-Abalo

et al., 2001).

While this technique holds promise, clinical validation has been limited. Normally hearing
adults (/\oyagi et al., 1994), well babies and small numbers of hearing impaired subjects
have thus far been studied (Cohen et al., 1991; Rance et al., 1995; Rance et al., 1998;
Rickard:; et al., 1994). One of the most exhaustive trials on hearing impairment has
perhaps been published by Perez-Abalo et al. (2001) on the clinical validation of 43
hearing impaired and 40 nomally hearing subjects. The study reached positive
conclus ons about the accuracy of the dichotic Mf ASSEP technique in predicting
frequen:y specific hearing. The ASSEP has, therefore, not yet been compared to other
short lalency evoked potentials that are currently used with high frequency, such as the

ABR.

The purpose of this study formulated in question format reads: How valid and
accurate is dichotic Mf ASSEP as an effective, accurate and objective procedure
for use in estimating and predicting hearing status in comparison to the gold
standaid of pure tone audiometry, and the evoked potential standard of auditory
brainst»m response, in a group of normally hearing persons and hearing impaired

adolescents?
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1.6 FRAMEWORK OF THE STUDY
To address this question a literature review and an empirical study were undertaken.
The results of this endeavor are reported in the different chapters of this text. The

breakdown of this thesis is as follows:

.-he pertinent literature is reviewed in Chapters 2 and 3 in an attempt to provide a

t leoretical answer to the research question posed by the study:

Ir an attempt to answer the research question posed in Chapter 1 at an empirical level,

t~e plan of action is defined in the following chapter:

Tt le research endeavors and subsequent conclusions are documented, related to the

litlrature and presented in the remainder of the study:
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1.7 CONCEPTUAL ORIENTATION

A more detailed review of terms and concepts follows in Chapter 2. At this juncture,
hcwever, a conceptual orientation needs to be attempted as a referral point for the
re mainder of the study. Some of the existing terms will be critiqued in a hierarchical
mianner namely the broader concepts of audiometry, and the phenomena used in the
literature to describe evoked potential measurements, concluding with terms used in a

description of threshold.

1.1 Audiometry versus Audiology

While audiology relates to the field and audiometry to the method, many of the
comprehensive texts on diagnostic audiology use the two terms interchangeably (Roeser
et al., 2000; Katz, 1994). This text will make a clear distinction between the field of

au Jiology and the method employed in hearing assessment namely audiometry.

1.1.2 Evoked Response versus Evoked potential

Hall (1992) titled his text “Handbook of Auditory Evoked Responses”, but often refers to
the phenomenon as auditory evoked potentiais or AEPs. These two words are also used
interchangeably by Hood (1998) and Ferraro & Durrant (1994) for example. The term
‘resiponse’ is a superimposition from pure tone audiometry and has been introduced to
evcked potential measurements. A stimulus is presented and a response is recorded.
This is, however, an incorrect assumption when considering electrophysiological
measurements. The paradigm used in the recording of brain activity based on auditory
stinuli entails the extraction of small time-locked electrical peaks and troughs from
background random EEG activity. Electrical activity is elicited by a signal and not a
stimulus. Following the signal, a potential is measured, and not a response (Goldstein &
Aidich, 1999). The term ‘stimulus’ implies a perception, but, in the case of ABR and

14
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ASSEP, which are the two evoked potential techniques employed in the study, electrical

aclivity is measured sub-cortically merely up to brainstem level.

The argument, furthermore, holds that the potential may be present following the signal,
but that the recording techniques are not sophisticated and refined enough to be able to
distinguish it from the background EEG. This text, therefore, favors the use of potential
rather than response, because as Hood (2001, personal communication) suggests when

a potential is perceived, the use of the word ‘response’ is redundant.

1.7.3 Objective testing

Altough the term ‘objective testing’ was used in the preceding section, in keeping with
cuirent terminology in the literature, the term should be applied with some reservation.
Otjective testing using evoked potentials such as the ABR alludes to the bypass of
palient subjectivity as a means of increasing reliability of a procedure (Jerger & Hayes,
19"6; Hannley, 1986; Bachman & Hall, 1998; Hood, 1998). The use of the term
objectivity in that context is partially incorrect, as it merely implies the transfer of
subjectivity to the tester in terms of identification and analysis of, for instance,
wareforms at threshold level. True objectivity would entail no patient or tester influence,

as s possible with the ASSEP technique described later in this text.

1.74 Physiological testing

This is a vague and perhaps abbreviated term that is used to reflect tests that are non-
bet avioral in nature such as the short, middle and late latency electrophysiological
responses. Yet these so-called physiological test procedures are identical to standard
conventional testing in their goal of assessing the physiology of the hearing mechanism
anc brain to traveling sound waves. The difference relates, at a primary level, to the site

15
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of testing. This does not make any procedure more or iess physiological than another,
however. For instance, behavioral testing relates traveling sound waves to the execution
of a motor behavior, while the short, middle and late latency responses stem from the
eijht cranial nerve and brainstem processes, the primary auditory cortices and
hippocampal and related areas respectively (Ferraro & Durrant, 1994). The term
otjective, physiological testing is unclear. In keeping with this distinction, a brief

ccmment on behavioral testing follows.

1.'".5 Behavioral testing

Although this author used the term behavioral testing in the preceding section in keeping
wi'h current terminology in the literature, it is not an apt term for standard conventional
pure tone testing to obtain a pure tone audiogram. The rationale maintains that a motor
resporise is elicited as a reliable indication of minimal hearing (Goldstein & Aldrich,
1939), which is correct. This implies, however, that the brain’s response to sound as
measured from a scalp electrode at brainstem level, is not reflective of behavior, which is
incorrect. The qualitative difference is, however, whether the behavior is voluntary or
involuntary, and the text will further specify pure tone testing as voluntary responses to
soiind. This may seem like a redundant differentiation in clinical settings, but the lack of
observation of responses to sound on a continuum of behavior has hampered easy
transition between conventional and specialized testing on the same behavioral

cortinuum.
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1.7.6 Electrical audiometry (Perez-Abalo et al, 2001), evoked potential
audiometry (Goldstein & Aldrich, 1999) and objective audiometry (John &
Picton, 2000)

The term ‘electrical audiometry’ as used by Perez-Abalo et al. (2001) in reference to the

ABR is confusing because “electrical activity from the auditory nerve and brainstem,

recorded as evoked potential, does not represent conscious hearing. When using ABR

to estimate hearing sensitivity, one should clearly state that the ABR is not a direct test
of hearing and thus cannot represent or describe true conscious hearing” (Hood,
1€98:9). The question arises then, however, as to what does represent or describe true
conscious hearing? Is a motor response to sound a true representation, or speech
te:iting or speech testing in noise? These questions are beyond the scope of this text but

should be considered when employing certain terminology.

‘O>jective audiometry’ is rejected on the basis of the previous discussion of objectivity
vesus transferred subjectivity, as well as on the basis of the use of audiometry. Evoked
potential testing is not a test of hearing (Ferraro & Durrant, 1994; Hood, 1995, Hall &
Mueller, 1997; Hood, 1998), but rather the application of techniques to test synchronous

ne ural functioning for inferences about hearing up to a specific anatomical site.

The most tempting term to use could be evoked potential audiometry (Goldstein &
Aldrich, 1999). It is a clear statement of the procedure’s intent to assess hearing using
scillp recordings of electrical activity generated by the auditory nerve and brainstem in
an ABR example. The results obtained from this procedure do not, however, reflect
hearing comprehensively. The process still deals with a secondary application of
information about neural synchrony that is used to make inferences about path specific
heiring, and it is therefore rejected.

17
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The ASSEP technique holds the biggest appeal for traditional diagnostic terminology, as
th: stimuli used are frequency specific, and presented in audiogram format, while

re aining their objective nature. However, the ASSEP, like the ABR, was not developed
wih threshold estimation as its primary focus. The initial impetus for ASSEP research

wis the exploration of electrophysiological correlates for frequency and amplitude
modulated tones and their relationship to central auditory processing. The natural

progression to threshold level was a logical result (Rickards, 2002, personal

communication). The clinical application of the ASSEP technique is, to date, primarily
focused on hearing estimation despite its tentative, research-orientated beginnings in
auditory processing. Furthermore, as a hearing estimation technique, it provides

frequency specific information. Thus, it is unciear why the term audiometry may not be

usad in this context. Perhaps with the clinical validation of the current study, and the

exdected increase of reports of a similar nature in the literature, more clarity will be

afforded to this conundrum.
1.i.7 Electrophysiological threshold (Perez-Abalo, 2001) versus threshold

estimate (Hall, 1992; Hood, 1998; Hall, 2001)
Ele.ctrophysiological threshold is rejected on the basis of the recording limitations of our

cuirent equipment. While internal brain activity generates internal physiological noise, it

mey be that the so-called threshold is merely the juncture where our machines are

currently able to record and extract from external and internal background noise in a

noi-invasive manner. The cautious option and the selection for this text is threshold
estimate as it is invariably higher than the standard pure tone threshold when available

and usually entails the conversion of sound pressure level and/or normal hearing level to

heiiring level.
18
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1.7.8 Selection of concepts for this study

rhe term ‘evoked potential' is preferred to evoked response, while 'objective testing
Jrocedures' are defined as procedures that do not require voluntary response from the
)atient, nor does it require any analysis from the tester. 'Threshold estimate' is preferred
)Ver electrophysiological threshold in keeping with the preceding discussion while pure

.one audiometry will be specified as such and not generalized as behavioral testing.

‘1.8 SUMMARY OF CHAPTER ONE

.rhis chapter serves as an introduction to the challenges faced in the field of diagnostic
¢ludiology when faced with difficult-to-test populations. Despite tremendous
(levelopments in the recording of the objective responses of these populations, existing
tests such as the Auditory Brainstem Response have persistent limitations. A new
t9chnique, namely the Steady State Evoked Potential, can provide solutions to some of
tlese lingering problems. The purpose of the study, to predict hearing thresholds in
rlOrmal and impaired ears using the Steady State Evoked Potential (compared to pure
t )ne audiometry and Auditory Brainstem Response), was stated. The chapter concluded

\llith an outline of chapters and a conceptual orientation to terminology.
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CHAPTER TWO
THE CLINICAL UTILITY OF AUDITORY EVOKED POTENTIALS IN
THE ESTIMATION OF HEARING: CURRENT PRACTICE,
LIMITATIONS AND POSSIBILITIES

2.1 INTRODUCTION

1his chapter comments on the clinical usefulness of auditory evoked potentials (AEP) in
tile estimation of hearing in difficult-to-test populations. The discussion does not strive to
discredit the value of AEPs and their clinical usefulness is not disputed, but will rather
attempt to provide some insight into some of the clear limitations that exist in current
tochniques. The nature of the discussion may best be summarized by Picton (1991 :3)
vhen he stated that the " astute clinician should know what they (AEPS) indicate, be
aware of what they cannot show, and learn a little about what they might demonstrate in
tire future since possibilities have a habit of becoming reality”. Hyde agrees with Picton
v hen he states that: | would like to endorse Picton's prediction that AEPs will offer many
nlore opportunities for functional analysis of the auditory system than are currently

p acticed" (Hyde: 1991:26). These words have a prophetic ring to them.

Since the technical capability to record evoked potentials based on EEG activity in
rEisponse to an acoustic signal in the 1960s, benchmark discussions of AEPs, and more
sl>ecifically the auditory brainstem responses by Sohmer & Feinmesser (1967), Jewett
(1970) and Jewett and Williston (1971) have appeared. Developments in stimulus and

recording techniques continued in the 1980s and since the 1990s, evoked potentials
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heéve become an accessible, well established clinical reality, characterized by refined
techniques and interdisciplinary expansions. The recent developments concerned with
acditory steady state responses, discussed in Chapter 3, and the utilization of the
frequency domain, seem to have enabled the field of evoked potentials to cross new

frcntiers in hearing prediction, again proving the truth of Picton’s words.

Chapter 2 will focus on current AEP techniques a'nd will be organized around the three
is¢.ues highlighted by Picton (1991):

e The current state of knowledge

* The limitations harnessing optimal clinical practice

o Possible solutions.

Tt e difficult-to-test population wil! provide the context for the discussion, and the chapter
will commence with a brief description of the population as it relates to diagnostic

audiometric procedures.

! DIAGNOSTIC AUIODMETRY IN DIFFICULT-TO-TEST POPULATIONS
Diiignostic audiometry is concerned with effective, efficient and accurate estimation of
hearing, and the gold standard for measuring hearing sensitivity continues to be fhe
vo untary behavioural response of a person to pure tones as obtained in standard
beavioural testing. It remains the least expensive and most definitive audiometric
procedure for measuring auditory thresholds as a function of frequency (Gorga, 1999;
De Waal, 2000). Based on the pure tone 'audiogram, the presence or absence of a
he.aring loss can be determined and monitored over time, while the severity, degree and

configuration of hearing loss can be quantified and managed based on these findings.
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Ttere are populations; however, who are unable to provide the necessary voluntary

be havioral responses required for the pure tone audiogram. These populations are often

re‘erred to as difficult-to-test-with- pure -tone-audiometry or in short, difficult-to-test.

Dificult-to-test populations cannot, for some or other reason, participate sufficiently in

ccnventional testing procedures. Pure tone testing is precluded or poorly and/or

iniiccurately defined. Some categories of clients that are considered difficult-to-test

follow:

Neonatal infants where results are tentative and control of the subject's state is
extremely difficult

Persons who have intellectual {imitations and whose test resuits are unreliable
Populations with severely restricted motor capabilities precluding overt voluntary
responses

Persons with emotional and psychological problems who have inconsistent and often
erratic voluntary responses

Persons with suspected non-organic hearing loss. Often, this type of hearing loss is
investigated in compensation cases where the sponsors are sceptical of results that
depend on a patient’s voluntary co-operation. Hard copy evidence without active
patient co-operation is required as additional corroborative data in medico-legal
cases

Persons and referring physicians occasionally question the reliability of behavioral
results and the rehabilitative process may be accelerated with corroborative results
Comatose patients

Persons with severe bilateral conductive hearing loss creating masking difficulty
Persons undergoing assessment for Meniére’s disease to obtain responses

unobtainable with behavioral testing, for example, the cochlear microphonic

22
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e Persons with suspected retrocochlear pathology such as an acoustic neuroma are all
considered difficult-to-test conclusively with conventional behavioral audiometry

(Picton, 1991; Hall, 1992; Goldstein & Aldrich, 1999).

A few important implications of the above spectrum of populations are that most of the
underlying pathologies of these patients are not age related; even though infants and
young children form the majority of cases, difficult-to-test patients may be of any age
(Flall, 1992). Moreover, a difficult-to-test patient may not present as such in the first
analysis, but during testing it may be determined that voluntary reaction to an acoustic
signal is not the reaction of choice to infer hearing for a particular case (Hall, 1992;
2001). It may be the least reliable option to reach valid conclusions, or too erratic to
inerpret with confidence. A lack of co-operation from the patient, irrespective of cause,
ne cessitates the use of other, more objective methods of testing and other reactions to

ar acoustic signal need to be explored to predict hearing acuity.

As: stated in Chapter 1, difficult-to-test populations are governed by two diagnostic
stiategies to ensure accountable service delivery. They are the test battery approach
ard the subsequent crosscheck principie (Jerger & Hayes, 1976; Hannley, 1986;
Biachman & Hall, 1998). Although some researchers have sought a single ideal
measurement technique, others have accepted and exploited the test battery approach
to greater benefit (Jerger, 1993). The test battery is introduced to accommodate the
hivrarchical complexity of the ear in an attempt to pinpoint impairment by identifying
multi-level inconsistencies with normal functioning to provide an overview of the
funictioning of the auditory system in reaction to sound. Within this approach, the pure
toile test remains the corerstone of diagnostic audiometry but relies heavily on other
me:asures tapping into different levels of the hierarchy to clarify its meaning. The reliance
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i dictated by the need for crosschecking, which states that no result is acceptable
unless confirmed by an independent measure (Jerger & Hayes, 1976). The strongest
c'osscheck is provided by a measure that requires no voluntary response from the

patient.

Some of these procedures are not hearing tests per se, but provide site-of-lesion
irformation even though hearing sensitivity cannot be predicted from them. An example
o’ such a measurement at a lower hierarchical level is immittance, being an objective
nieasure of middie ear tympanic membrane movement with the variation of air pressure,
while reflex testing determines the lowest intensity at which a stapedius reflex can be
eicited (Block & Wiley, 1994; Katz, 1994). Together, they assist in the confirmation of a
niddle ear condition, provide information to distinguish between cochlear and
rotrocochlear pathology, may aid in the identification of patients at risk for retrocochlear
lesions, and also help to confirm the presence of a non-organic hearing loss in cases of

ir consistent ‘severe’ hearing losses (Margolis & Hunter, 2000).

Figher in the auditory mechanism hierarchy, the application of possibly the most
vialuable current tools to assist in the prediction of hearing sensitivity, for both screening
and diagnostic purposes, can be found, namely, the oto-acoustic emission (OAE). Oto-
acoustic emissions are low intensity acoustic signals that are generated by the outer hair
c:lis of the cochlea in the organ of Corti on the basilary membrane spontaneously or in
response to an acoustic stimulus (Kemp, 1979; De Waal, 2000). They reflect processes
necessary in the cochlea for hearing to occur even though they are themselves not
citical to the hearing process (Norton, 1993). Spontaneous oto-acoustic emissions have
litle clinical value, while the stimulus related oto-acoustic emissions (transient evoked,
and distortion product) have made tremendous strides in the detection of hearing loss
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(tansient) and the provision of frequency specific cochlear information (distortion

product) in the two decades since its discovery.

The diagnostic use of the OAE is hampered by two limitations. The first is its inability to
accommodate all degrees of hearing loss (Hall, 2000). Its application as a crosscheck is
restricted to the moderate range of deafness. Thus, while a normal OAE possibly
inticates normal outer hair cell functioning, an absent OAE does not provide adequate
diagnostic information, requiring a crosscheck within the test protocol. The second
related limitation is its high susceptibility to middle ear disease. The presence of middle
edr pathology obliterates the OAE (Hall, 2000), also restricting differential diagnostic

procedures that are especially important in the pediatric difficuit-to-test population.

Piobably the most valuable tool in the difficult-to-test battery that proved to be sensitive
to various constellations of symptoms across the hierarchy of the ear is auditory evoked
pctentials' that are neural in origin. As in the case of pre-neural testing, evoked potential
audiometry is a form of objective testing, and no voluntary response that an auditory
stmulus was received is required. It deals with the extraction of small electrical
arnplitudes of the auditory system (eighth cranial nerve and higher) from larger EEG
aclivity via surface electrodes on the scalp using complex computerized signal averaging
te thniques. Although it is not a test of heafing per se, AEPs provide information on
auditory pathway integrity at various levels, albeit not in its entirety (De Waal, 2000).

AliPs are considered to provide the most reliable information on hearing sensitivity in the

atsence of definitive, reliable behavioral results (Hannley, 1986; Stapells, 1994; Hall &

"Tie application of auditory evoked potentials as a tool in the prediction of hearing thresholds and not applications with a

net ro-diagnostic emphasis (such as intra-operative monitoring and detection of tumours) will be addressed.

25

© University of Pretoria



&
EE UNIVERSITEIT VAN PRETORIA
" J UNIVERSITY OF PRETORIA
QYU

NIBESITHI YA PRETORIA

Bachman, 1998; Hood, 1998, Goldstein & Aldrich, 1999, Stapells & So, 1999). They are
abl® to accommodate the full range of deafness, and the presence of conductive
pathology may be clearly distinguished from sensory neural pathology (Hall, 1992; Hood,
19¢8). The remainder of the chapter focuses on evoked potentials elicited within the

aucitory system as an objective method of obtaining estimates of hearing acuity.

The: additional value of evoked potentials compared to immittance measurements and
OAE in audiometric procedures can be highlighted when measured against three related
but independent parameters of corroboration, substantiation and delineation, as
tabiilated in Table 2.1.

Tatile 2.1 The benefits of evoked potentials using three parameters

Test battery
| Procedures not requiring voluntary responses from the patient

[ Crosscheck Continuum

Pracedure || Corroboration Substantiation Delineation
Diagnostic information, It may also serve al| The use of evoked
beyond what may be supplementary role to the || potentials is indicated and
obtained with a pure tone pure tone results with some || justified in some patients as
audiogram, may also be patients. the only procedure to
extracted fo serve as confidently quantify heaning
confirmation or rejection of sensitivity (Hall, 1992;
conclusions gathered from Goldstein & Aldrich, 1999).

other testing procedures.

_Ir-n-inittance Able Able Unable to single-handedly
provide information on
hearing sensitivity.

Otc - Able Able

Acuustic Unable to single-handedly
em ssion provide information on
- hearing sensitivity.

Eviked Able Able Able

Poientials

of reural

origin

Evoked potentials are able to meet all three criteria across the spectrum of nature
(corductive versus sensorineural), degree (normal to profoundly impaired) and

con'iguration of deafness (high versus mid and low frequency emphasis) within the test
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buttery approach. An overview of the clinical utility (current practices, limitations and
possible solutions) of evoked potentials in the assessment of difficult-to-test populations

w Il hence be rendered.

2.3 THE CURRENT STATUS OF EVOKED POTENTIALS

2.3.1 Evolution of the field: from EEG to AEP

The EEG still remains the basis of any evoked potential measurement. Berger (1929)
first recorded bio-electric activity, generated by the central nervous system without
sensory stimulus. Based on this activity, it was discovered that these random bio-
electrical events undergo stimulus related changes that may be extracted from the
beéckground EEG pattern called evoked potentials. Loomis (1938) documented a
tri phasic response to sensory stimulation in sleeping and awake patients and he named
it ‘he K complex. Based on his work, Davis (1939) and Davis et al. (1939) documented
th:: presence of the K complex when elicited with auditory stimuli in sleeping and awake
petients. The lack of sophistication in electronics, however, hampered exponential
development because the stimulus related changes in the EEG patterns, based on

auditory stimulus, were minuscule and often masked by the background EEG.

It was not until the invention of signal averaging techniques and the summating
computer, enabling the extraction of low level evoked potentials from EEG, that evoked
potential techniques became more documented in the field of audiology (Clark, 1958;
Clark et al., 1961). The ability to convert and store analog data in a digital format
revolutionised the detection of evoked potentials from the underlying EEG pattern.

As the changes in EEG resulting from fixed and synchronized stimulus remain consistent
anl the EEG random, the algebraic sum of repetitive consistent signals grows in
proportion to the number of summed signals. The amplitude of the random noise of the
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EEG averages to zero. The magnitude of the evoked potential will, therefore, be
enhanced, while the EEG is reduced to zero (Ferraro & Durrant, 1994; Goldstein &
Adrich, 1999). This principle is applied in the estimation of threshold using AEPs in two

wiys in particular.

Firstly, the changes in ongoing EEG activity may exhibit common, distinctive
ctaracteristics when auditory signals are presented at a certain intensity level. When
these recordings at a particular intensity level are superimposed, traces may show
replicability and are, therefore, at supra-threshold levels. When auditory signals are
presented at successively weaker intensity levels, as in threshold audiometry, the traces,
at some point, are no longer replicable and discernable from the EEG pattern. It may be

inerred that an electrophysiological threshold has been reached.

Seicondly, changes in latency (measurement in time pertaining to when a response
occurs following stimulus onset) and amplitude (size of response) as a function of
re juction in stimulus intensity are used in the estimation of threshold. Test signals and
other stimulus and recording variables may influence the latency and amplitude of a
response to an extent. It can, however, be assumed that a systematic increase in
latency and decrease in response amplitude will occur when the signals become
weiaker, until the amplitude of the response is no longer detectable from the EEG
background at an expected point in the time domain (latency). Again, an

eleictrophysiological threshold may be inferred.

Following the advent of the signal-averaging computer in the 1960s, early interest in
eviked potential audiometry was focused on the potentials that were of corticai origin,
us yally occurring 50 to 500 msec after stimulus onset. To a lesser extent but more or
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less at the same time, interest was developing in the potentials occurring at 10-15 msec.
It was not until the first benchmark descriptions of the discovery of the Auditory
Brainstem Response by Sohmer & Feinmesser (1967) and Jewett (1970) and Jewett &
Williston (1971) however, that interest in AEP hearing estimation became more of a

cl nical reality.

It would not be an overstatement to declare that those historic reports on ABR
revolutionized the field of diagnostics in difficult-to-test populations. Answers instead of
sfeculation about the severity and nature of the hearing loss could be provided. The
ecitement may be summarized by Chiappa & Young (1985:76): “EP’s quantify and
olyjectify data that the clinician may sense, EP’s may localize lesions within a long
sensory pathway, and EP’s may be more ‘efficient’ and ‘cost-effective’ because the time
ccnsuming testing itself is usually done by paramedical personnel”. The latter part of this
quotation opens up many debates, which are beyond the scope of this paper. Despite
the lack of insight into the critical role of audiologists in the diagnostic field, the
ccmments on the role of EPs cannot be disputed, even though this report was published
before the clinical induction of frequency specific tone burst stimuli into the protocols. So
whiile the involvement of frequencies remained uncertain using click stimuli, previously
urdetected pathology could be identified and managed in a much more efficient way

thixn before.

Current practice regards the ABR with its various protocols to be the procedure of choice
to determine hearing ability. Nature, degree and configuration of hearing loss (Hood,
1988) can be identified, while normal ability may be ruled out. It provides sufficient site-
of-lesion information to incur further referrals and, most importantly, an audiologist is
able on the basis of ABR findings, to successfully select and fit amplification for any of
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the difficult-to-test clientele and commence with further habilitative or rehabilitative

measures.

The challenges in the current clinical domain are, however, numerous and encompass
stch fundamentals as poor technical knowledge, weak interpretation by clinicians and
pcior control mechanisms (Kimura, 1985). Too often, the test sequences are performed
without due acknowledgement of the rigorous criteria required of diagnostic test
procedures. In fact, sub-standard techniques may be selected in active clinical settings
fo' cost-cutting purposes. Some fundamental concerns have, therefore, lingered and
scme questions remain unanswered. Kimura (1985:79) continues to voice concerns in
stiting that the “concepts of EP are not new, but recent evolution of the technique and
its popularity, together with its profitability, are forcing many clinicians to perform the test

without proper training or experience”.,

Tre comments made by Kimura over 15 years ago still seem valid and applicable to
current practice. His attack on the ethics and knowledge of professionals in the field ring
tr.e in many cases, but unfortunately his words seem to address symptoms but remain
silznt on the possible causes of this state of affairs. One possible cause of the lack of
conesion between research and clinical practice alludes to the inconsistency in the

terminology and classification systems of AEPs.
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2 3.2 Difficulty with classification

Cespite the dramatic developments over the last 40 years, resulting in refined
techniques and interdisciplinary expansions, the indiscriminate classification and
terminology employed in the description of these potentials in a standardized form has
nt resulted from its frequent use in many a clinical domain. Most discussions on the
ciategorization and terminology can best be summarized in three words: non-
siandardized, misleading and therefore confusing. As Ferraro and Durrant state: ‘the
siandardization of the terms, abbreviations, and acronyms used to reference specific
Auditory Evoked Potentials is woefully lacking, as is the general consensus regarding
which to use, or which are the most descriptive of the response measured’(1994:322).
E ver since the technical capability to record evoked potentials in response to an acoustic
sigpnal became possible in the 1960s, their classification has been influenced by
s|lecialists in the field of hearing, neurology and otolaryngology, each providing their own

perspective and terminological bias.

Consequently, inaccurate and confusing terminology has prohibited interdisciplinary
cclhesion in the application of auditory evoked potentials. The four most commonly used

classification systems will be reviewed.

2.3.2.1  Classification in the time domain

The time after stimulus onset is known as the latency epoch, and, according to this
clissification, auditory evoked potentials may either be classified as short, middle or late
latency responses. Short latency responses occur within 10-15 msec after stimulus
orset. The components of EcochG, Auditory Brainstem Response, slow Negative

pctential and the frequency following response, or Steady State Evoked Potential are all

31

_© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(03 ‘)

s hort latency potentials (Moushegian, 1973; Davis and Hirsch, 1979; Ferraro & Durrant,

1994; Hall & Mueller, 1997).

Middle latency responses occur between 10-50 msec after stimulus onset. The 40 Hz
responses are the most typical of middie latency responses. Late Latency responses
o tcur between 50-500 msec after stimulus onset. The N1-P2 complex and the P300 are

ppular examples of late latency responses.

Wiithin the time domain, none of the demarcated latencies has similar nonclomenture.
Thre waveforms of the ABR are delineated with Roman numerals | to VI, while the
EtochG potentials are described by what they represent- cochlear microphone, action
potential and summating potential. In middle latency epochs, responses are described
aucording to polarity: P equals positive and N equals negative with alphabetical
stibscripts with one exception (a zero preceding the negative peaks: NO (zero) followed
b1 Na, Nb). The P300, a late latency response, is categorized according to its absolute
lalency in other words, the time after stimulus onset. It is also known as the P3, based

otl morphology — the third positive peak of the late latency responses.

It would be stating the obvious to declare that the time classification is non-standardized,
yet it is most often used in the general description of AEPs. More importantly, its use is
stiictly speaking highly inaccurate. Most of the classification occurs after the latency
erloch has been determined, in other words, the time domain is rarely used. The only
e>ception is the P300, which utilizes the time domain in the identification of the actual
ccmponent. In the case of short latency epochs, the use of, for example, Wave V, or
Ceichlear Microphonic is employed. In the pure sense, these terms do not refer to the
tinie domain.
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23.2.2 Classification based on anatomic origin

“Precise origins of all AEP except Wave | of the ABR (EcochG N1 ) is still a controversial
atea” (Ferraro & Durrant, 1994:320). Of the four classification methods, anatomic origin
isithe most misleading. Differentiation is based on the site in the auditory system where
tre bulk of the response is generated. Although this definition is vague enough to
ajcommodate neural interaction, it has created a false sense of accuracy, implying that
tr ese anatomic origins have somehow been clearly identified. It, furthermore, dismisses
the complexities of the neural system such as the interactions between sensory
mpdalities, the sensory and motor interface, and autonomic-, voluntary and

injerhemispheric communication (Goldstein & Aldrich, 1999).

Eilch latency epoch is reflective of an arbitrary level of the auditory system: SLRs are
geinerated in the auditory periphery up to midbrain level brainstem. MLRs are generated
in the area between the inferior colliculus and the primary auditory cortex, and LLRs are
ccrtically generated. The link between sites of generation is tenuous, as all AEPs except
fot EcochG measurements generally utilize scalp recording techniques, isolated from the

el yctricity that occurs at cellular level.

Ttie biggest misnomer, and unfortunately the most widely used, is the ABR. For
intjtance, the first two components of the auditory brainstem response arise from the
atditory nerve. The wide application value of the ABR has, furthermore, resulted in
AllPs being described as ‘brainstem responses’, irespective of the latency epoch, and
thit equipment that is able to record AEPs is considered ‘brainstem machines’
(Gplidstein & Aldrich, 1999). Not only is the term in its allocated place misleading, but its

usp as an umbrella term for AEP is grossly inaccurate.
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23.2.3 Classification based on the stimulus-response relationship

Two subcategories exist in the stimulus —response relationship: responses may be
described as either transient or sustained, or, they may be described as exogenous or
endogenous (Ferraro & Durrant, 1994). Transient evoked responses have fast rise/fall
tines because the response is dependent on rapid changes in stimulus. AEPs elicited
with clicks and short tone bursts are transient for instance the ABR. Sustained AEPs
irdicate that a sustained response (lasting as long as the stimulus) is elicited. The
chchlear microphonic and summating potentials of the EcochG are examples of

sjstained potentials (Ferraro & Durrant, 1994),

Ekogenous waveforms depend on the physical form of the stimulus. All short and middle
lelency responses, as well as the N1and P2 of the LLRs are exogenous. Endogenous
waveforms such as the P300 are perceptual in nature, and the response is largely
independent of the physical features of the stimulus. Context sensitivity exists which
eiitails the ability to recognize and/or attach meaning to the stimulus (Hall, 1992; Ferraro

& Durrant, 1994;Wilson, 2000).

The difficulty with this classification system resides in its unbalanced application. The
term exogenous is rarely used to identify the OAE, the ABR or any of the middle latency
response components. The inverse term of endogenous is, however, frequently used but
nqgt within the classification continuum it was developed from. It is employed
inflependently as a descriptive term to subtly allude to patient participation in evoked
pctential procedures, usually at supra-threshold level such as the P300, or as a
synonym for some of the cortical late latency responses, thus adding to the existing

cc nfusion.
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23.24 Classification according to the location of the recording electrodes

MNear field recordings entail the placement of electrodes near or on the response
generator, and it is indicated when placement has a profound effect on the waveform
niorphology. Far field recordings consider electrode placement to be a less critical
viriable (Ferraro & Durrant, 1994). In evoked potential procedures, this type of
c assification serves little purpose as all recordings are considered far field, except for
tvio very specific instances, namely, the trans-tympanic placement of the EcochG
TpTrode and the intra-operative direct monitoring of the nerve in very specific cases. It
cjuld be argued that direct nerve monitoring could be related to near field recordings,
b it the invasive nature of the procedure and the medical support it requires prohibits its

rcutine application by audiologists, rendering this type of classification less useful.

23.3 Terminology used for Auditory Evoked Potentials

Nb discussion on the non-standardized classification of AEP would be complete without
noting that some of the AEPs are known by various names. Hall (1992:16) states that
"inconsistencies in terminology abound in the literature” and that these inconsistencies
cuntribute to errors in clinical situations. For instance, ‘auditory brainstem response’,
‘brainstem auditory evoked potential’, ‘brainstem auditory evoked response’ and
‘auditory brainstem evoked response’ all refer to the same thing. Ferraro and Durrant
(1B94) note no fewer than 10 names for the ABR. The name issue would not be as
cunfusing if it were only a difference in word order that separated the disciplines
deiscribing AEPs. What hinders clarity, however, is that more often than not, initials or
acronyms only refer to the response. This results in reports containing results of BAEP

or BAER measurements, sans clarification.
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Ir| summary, the time domain classification does not relate to the time domain, and the
aﬁatomic classification rarely places the sites of origin accurately. The stimulus-
re )sponse relationship is used in an unbalanced manner, while the classification based
o;) electrodes is redundant due to an extremely limited occurrence of near field
" TE jbordings in clinical audiology. Current practice follows a mixture of all classification
szistems, primarily using latency and anatomic terms. The AEPs concemed with
trj}eshold estimation will be reviewed in this study using latency and anatomy as

clpssification references.

T ie purpose of the preceding discussion may be summed up by Georg von Békesy
(1 960:7) who stated that "one of the most important features of scientific research is the
d :’tection of errors. The writer believes that positive results and failures ought to be

di }cussed together. Only by such complete reporting can we get a true conception of a
pi ¥ce of work, of the manner of its development, and of the limitations of its principles”.
thile the positive results of increased accuracy in the identification of hearing loss are
m}rited, the users of evoked potentials and the pioneers in the field have failed by not
ac lbressing the need for a uniform and clear classification system. This limitation should
.,.be } addressed in order to lessen confusion and simplify descriptions across disciplines. A
cufrent solution is unavailable at present, however. The origin of the terminological
m:i’ize the field occupies may best be summarized by the sobering words of Kimura
(1 }85:79) when he stated that: “Abuse and misuse are common with any new
dii ’gnostic procedures. The problem, however, is particularly acute in EP studies that

heye become routine before their time, while the technique is still evolving

ra }idlf (emphasis mine).
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Even though the discussion of terminology and classification is somewhat disheartening,
tlle testing procedures themselves have gone from strength to strength. Perhaps the
njost important objective at this juncture, therefore, is to bring all clinicians to a uniformly
high level of clinical competence (Hall & Mueller, 1997). The specific modifications and
aﬁjustments available to accurately predict hearing using evoked potential measures will

npw be reported and evaluated within the context of difficult-to-test populations.

24 TOWARDS OPTIMAL OBJECTIVITY WITH FREQUENCY SPECIFICITY: USING
AUDITORY EVOKED POTENTIALS IN THRESHOLD PREDICTION

Itihas been established that in order to obtain threshold estimates of hearing, certain

v«bve pattems and configurations are elicited by manipulating the equipment, the signal

ahd even the subject during AEP procedures (Hall, 1992; Hood, 1998; Goldstein &

Abﬁch, 1999). The specific clinical purpose of evoked potential procedures will,

tr prefore, dictate every selection of variable that may be controlled.

TVo questions are identified that may govern the appropriate selection of evoked
pt }tential parameters. The first and most obvious is whether an “ABR [can] accurately
piedict the pure tone audiogram in the clinical population” (Oates & Stapells, 1998:61). A
si nilar question was posed by Picton (1991). Stated differently by Goldstein & Aldrich,
wPat would this patient's threshold audiogram have been had | been able to obtain it
re (iably by behavioural response audiometry (1999:110). Eggermont (1991) makes a
futther addition when he states that the question should enquire into the conditions
urider which evoked potential measurements could have been expected in threshold

es limation.

37

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(03 ‘)

The question posed by Goldstein & Aldrich (1999) subtly guides the researcher to closer
ekamination of two separate but related criteria that need to be addressed when using
e&oked potential measurements for threshold estimation in difficult-to-test populations.
The first is the necessity for objectivity in testing endeavors, while the second pertains to
tHe requirement for frequency specific data. Unfortunately, most of the more traditional
AEPs cannot single handedly provide objective frequency specific information. From the
0 jutset, therefore, a test protocol and the inclusion of a number of AEP measurements
ak implied, in an attempt to provide frequency specific indices of threshold without
sijcrificing objectivity. When used and interpreted properly, AEPs may provide the
dbgnostic audiologist with reliable estimates of auditory sensitivity where pure tone
results are rendered inconclusive (Hood, 1998). According to Oates & Stapells (1998)
trb test protocol should at least include tonal stimuli ABR measurements. Their findings
inflicate that ABRs to be elicited by tonal stimuli presented with notched noise predicted
re bsonably accurately in the range of 0.5 - 4 kHz thresholds, previously unavailable with
uﬂmasked clicks. While the limitations of click ABRs are well documented, Gorga (1999)
ju %tiﬁes their clinical use in threshold seeking protocols by the high frequency data they
p! bvide in the critical 2-4 kHz regions. For this reason, and possibly due to their relatively
cl j;ar wave morphology, they remain the most widely used in AEP procedures (Picton,
1¢/91; Hood, 1998; Hall, 2001). Bone conduction protocols in AEP may also be
er bployed to clarify the nature of the hearing loss as being conductive or sensory neural

(Fall, 1992; Hall & Mueller, 1997; Hood, 1998; Oates & Stapells, 1998).

Eq ,germont’s (1991) question on the ideal conditions for evoked potential measurements
inilicate, additional to the above, dependency on subject state, the stimulus to elicit the
re bording, as well as some form of masking to ensure place and frequency specificity.
THe experience of the tester also becomes an additional consideration. These issues
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apd techniques will be presented in the following section by addressing their
c Pntributions to the objectivity and frequency specificity of AEP for threshold prediction,

] ith specific focus on Auditory Brainstem Response Testing.

2 }41 Elusive objectivity of Auditory Evoked Potential recordings
Cbpe (1995) defines objective audiometric testing such as AEPs as testing procedures

t at require no voluntary response that an auditory stimulus was perceived. However, it

is

scientifically incorrect to assume that an involuntary audiometric response does not

irfply that the test results are objective. True objectivity is hindered in most evoked

pﬁtential audiometric procedures by the introduction of human perception into the data

ahalysis process. The level of expertise required to judge the presence of responses
a }curately at threshold level causes a myriad of complications that affect the reliability,
sz)Iidity and ease of recording for both patient and professional in muitiple ways,
d }pending on the test situation as a whole.

Abother concern arising from the subjective analysis is the false sense of security
ol jbated by the use of numerical entities, for example, to describe results. A statement by
tr?p British scientist Tooth in the 1940s is very applicable to AEP measurement: "Where
ki j’owledge of a medical condition is incomplete, there is a danger that the results of
ai ;cillary aids, especially when expressed in numerical terms, may acquire an
ui ‘ywarranted appearance of infallibility" (Tooth, 1947:469). While the subjective

in berpretation of results form the biggest hindrance towards objectivity, the limited use of

te bhnology, as well as subject influence also need to be addressed.
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24.1.1 Technical influences

Kimura (1985) warned clinicians of the abuses and misuses of the ABR when he
citicized the lack of technical knowledge evident in practice. Developments in test
s imuli and techniques in evoked potential audiometry has enabled researchers, more
ttan clinicians, to provide accurate estimates of hearing sensitivity using mostly ABR
rmleasurements. Masking and filtering techniques are regularly refined and updated by
rejsearchers, but availability and application for clinicians remain limited. For instance,
tre technical support for waveform manipulation and access to the software to enable
tte generation of sophisticated stimuli are not clearly evident in practice (Balfour et al.,
1')98). Despite the obvious benefits created by techniques that enable frequency specific
htaring estimates, their cost and complex theoretical orientations cause restricted
ajcess. This situation has been sharply criticized by Gorga (1999), who believes that

difficulty and cost should not hamper the correct use of any audiometric measure.

24.1.2  Subject influences

The subject may induce inaccurate recordings through interference with the recording
si uation. Sedation is often administered to ensure low noise levels. The use of sedation
is inot without serious ethical and medical implications, and a multitude of measures
nijed to be in place before a patient is sedated (for example, informing parents of the
nejcessity and possible complications and ongoing, accessible medical support). Body
mbvement, tenseness and inability to follow test instructions to remain quiet register
e cessive noise levels on equipment that have an adverse effect on the reliability of the

re tording (Wilson, 2000).
EI? recordings are also considered time consuming, and initial noise levels may be

eljvated after a certain amount of time has lapsed. A practical example would be the
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s pdated patient waking up before the test has been completed, forcing clinicians to
ether re-schedule or rely on incomprehensive results. The absence of appropriate,
cInic-specific control values for comparison, furthermore, causes arbitrary judgement of
aditory function. It forces clinicians to rely heavily on information from other tests,
dbregarding the reason for EP referral in the first place, namely the questionable

refliability of the preceding tests (Hyde, 1991).

24.1.3  Expertise of the professional

Pbssibly the factor that causes the most concern is the high levels of expertise needed
tci accurately interpret results at threshold level as Goldstein and Aldrich (1999:110)
rit )htly conclude: “Subjectivity of human observers adds large variance to the threshold
e jtimations”. At threshold level, the wave morphology deteriorates, while the amplitude
ofl the waveform decreases (Hood, 1998). Threshold is reached when a peak of a
whveform can no longer be detected from the background EEG activity. Although the
recording may, therefore, be objective, subjectivity is transferred to the clinician
inlerpreting the test results. Wilson (2000) suggests a rating scale and a three-subject
injer rating procedure to ensure accurate estimates of hearing levels during ABR testing.
While that may be the ideal, the suggestion is time consuming and often impractical, if

ncit impossible.

Thiis whole argument has been aptly summarized by Hyde who states that: “It is often
as Sumed, especially by those with little or no hands on experience with AEP testing, that
arl ABR is an ABR is an ABR. This is not so. There are good and bad test conditions,
gc¢pd and bad instrumentation, good and bad tactics, and good and bad interpretations.
Tlere is a tendency to overlook this problem partly because of the illusion that AEP test
rejults are objective. In reality, subjective judgment intrudes in many facets of AEP
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teisting. There are some testers who achieve almost magical accuracy in threshold
etimation, for example, but there are others for whom no amount of training is sufficient.
Thus, it may be desirable for those who acquire AEP testing services to shop around,
and it is also desirable to try and verify whether anticipated test accuracy is actually
being achieved. These points apply, of course, to many other non-trivial non-AEP

p tocedures” (1991:26).

25 THE ‘PERFECT’ AUDITORY EVOKED POTENTIAL AND THE TECHNIQUES
AND DEVELOPMENTS TO ATTAIN FREQUENCY SPECIFICITY

25.1 What is a ‘perfect’ Auditory Evoked Potential?

The first and foremost goal in threshold estimation is, of course, to obtain an
aidiogram that indicates threshold levels across the frequency spectrum. If it is
injpossible to extend the information across the entire pure tone frequency range, the
frequency area between 0.5 and 4 kHz should at least be targeted (Sohmer & Kinarti,
1!184). To attain this goal, certain criteria have to be met by the evoked potential
pipcedures that will be enlisted for the task. Each of the criteria will be listed and the
current techniques explored in terms of how they specifically rise to the occasion. The

mpst important of these are the following:

Ctiterion 1:

Tlie AEP should provide a reasonably accurate assessment of threshold (Picton,
1¢91)

In the quiet, awake adult aimost any technique from the arsenal could be successfully
erhiployed for the task (Stapells, 1984). In ideal testing conditions, the early, middle and
la'e responses may be recorded near threshold level. The ABR Wave V has been
detected within 10dB of the pure tone thresholds (Elberling & Don, 1987). Pa of the
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MLRs land N1 of the LLRs are typically within 10 to 20 dB of threshold (Picton, 1991). In
typica! recording conditions, responses were elevated to 20dB above threshold for short

latenc les and later waves top approximately 30 dB above threshold (Picton, 1991).

Criter ‘on 2:
Chan'ﬁes in subject arousal should not affect the recording of an AEP (Picton,
1991)'
The s'tage of wakefulness and the influence of sedation dramatically influence the
prese ‘lce of certain waveforms from the background EEG activity, as background EEG
noise iis higher during sleep (Picton, 1991; Hall, 1992; Hood, 1998). Although some
wavef‘brms increase in amplitude during sleep, for example, the P2 and N2 of the LLR,
most ’evoked potentials decrease during such a situation. The early potentials such as
the AER are quite stable during changes in arousal and anesthesia, but the middle
Iatenc;( waveforms become delayed and distorted during sedation (Thornton et al.,
1984): Late potentials may exhibit more difficulty in recognition as, in an attempt to
compn:rnsate for poorer signal-to-noise ratios, averaging is increased over different
stage:f of sleep, distorting and attenuating responses. In general, Picton (1991) usually
found rate responses to be absent.

!
Critetjon 3:
AEP 1ecognition should not be influenced by age (Picton, 1991)
The L gte Latency Response (LLR) is sensitive to aging and to stages of sleep, making it
difficult to compare across age groups (Kurtzberg, 1989). The Middle Latency
Respinses (MLR) are not clearly recognizable in children under 10 (Kraus et al., 1985).
The zdditional influence of state of arousal further complicates their application: MLRs

are mrpre easily recorded in wakefulness and Stage | sleep, variable in Stage Il and Ill
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sleep, and poorly detected in Stage IV sleep. The 40 Hz responses also show poor
validity in infants and cannot be reliably recorded in this population (Stapells et al.,

1988).

The electrocochleogram and the auditory brainstem response show recognition at all
ages, despite developmental changes in the first 18 months of life for the ABR (Hecox &
Galambos, 1974). Aging effects were also identified by Allison, Wood & Goff (1983), but
presently ABR can currently be recorded in all age groups, with maturity and stability

between 10-60 years of age (Hood, 1998).

Criterion 4:

The responses should be present at all frequencies of the pure tone audiogram
(Picton, 1991)

Although this criterion has much to do with the type of stimulus, it seems that in general,
the middle and late latency responses show good estimations of low frequency
thresholds in awake adults and older children (Galambos, Makeig & Talmachoff, 1981;
Picton, 1991). The 40Hz responses are still preferred in the estimation of low
frequencies (Hood, 1998) and suggested by others (Hall, 1992). Traditionally, the ABR
with click and the ECochG are associated with high frequency hearing. Recently,
frequency specific techniques have been introduced with more reguiarity, and these will

be explored within the context provided by the next criterion.
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Criterion 5:

The perfect AEP should measure response levels that are specific to different
frequencies on the audiogram (Picton, 1991)

T he biggest obstacle in this regard is not the response itself but the stimulus employed
tci elicit the response (Picton, 1991). A broadband click is not frequency specific as the
slimulus activates across broad frequency regions. Two additional techniques have been
e nployed to obtain more frequency specificity with brief stimuli. One is directed to the
slimulus component, while the other focuses on spectral enveloping and masking to
p event overspill of the response into neighboring frequency regions. The stimuli options,

evelopes and masking options will hence be discussed.

25.2 Stimulus effects on the use of Auditory Evoked Potentials in threshold
prediction

2.6.2.1 Click stimuli

Cick stimuli are described on the basis of how they are perceived audibly. They are
shiort (0.1 msec), broadband stimuli, which activate a large number of neurons
simultaneously based on the acoustic principle of the shorter the stimulus duration, the
bipader the frequency content. As these neural responses can be presented at various
inlensity levels during evoked potential measurements, responses may be related to
haaring thresholds. The shorter the stimulus onset, the better the neural synchrony and
the worse the frequency specificity. Accurate information at different frequencies can,

therefore, not be obtained (Picton, 1991; Hall, 1992; Hood, 1998; Gorga, 1999).

D pspite its broadband nature, responses on clicks show most agreement with pure tone
thresholds at 20004000 Hz, with lesser correlation at 1000 and 8000Hz and no
accurate information about sensitivity at lower frequency regions (Oates & Stapells,

45

© University of Pretoria



&
E.a UNIVERSITEIT VAN PRETORIA
0 UNIVERSITY OF PRETORIA
- 1

NIBESITHI YA PRETORIA

1898; Hood, 1998). The correlation with high frequency pure tones is mostly created by
the frequency response of the earphones - clicks approximate the frequency response
curve of the transducer, although the tonotopical arrangement of the hair cells in the
cpchlea also contributes to this response (Rance et al., 1998; Oates and Stapells, 1998;

Clorga, 1999).

The value of click ABR in the examination of eighth nerve and auditory brainstem
pathway integrity is undisputed (Picton, 1991). The information obtained can assist in
nlling out the possibility of neural involvement in cases where neurological deficits are
unhcertain. As a matter of fact, the use of click ABR as stimulus has made audiology as
much related to neurology as to otolaryngology (Starr, 1998). The clear wave
morphology, well defined waveforms, and limited susceptibility to electrical artifact has
ensured that click-evoked ABR forms an integral part of neurological evoked potential
batteries: detection of acoustic neuromas, silent plaques of multiple sclerosis and other
biainstem lesions have included click ABR (Hecox & Galambos, 1974; Starr, 1977;
Stiters & Brackman, 1977; Chiappa, 1984). Clinical research on myelinization, the
piresence of tumours, effects of stroke and neural infections in the auditory pathway have
intluded click ABR in the respective test batteries (Halliday, 1993). From a neurological
pdint of view, Starr (1998) states that click ABR provides differential diagnosis in
stibgroups of hearing disability that involve to some extent a disorder of the auditory
narve. He correctly claims that sensory involvement can be differentiated from neural
inrolvement and that the relative contributions of the two processes may be
dijtinguished. He concludes that awareness of the role of the auditory nerve in hearing

function may iead to development of new ways to treat deficits in hearing.
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Dlespite this differential diagnostic argument, controversy still exists, from an audiological
rerspective, regarding the usefulness of click-evoked ABR in hearing threshold
estimation. Oates & Stapells (1998) discredit the validity of click-evoked responses at
2D00-4000Hz for threshold estimation and conclude that the information it provides does
rot translate accurately into hearing thresholds for individual patients. Click-evoked

responses, moreover, do not provide information on the degree of hearing loss.

Slome researchers still include click ABR as part of a threshold test battery. Gorga
(1999) states that information from a click-evoked ABR is still useful for high frequency
tireshold estimation, although he concedes that low frequency information (lacking
vihen conducting a click ABR) is essential in the selection of hearing aid response
characteristics. Hood (1998) includes click ABR as the first component in her evoked
potential test battery yet warns: “click information is not sufficient to understand auditory

fiinction across the frequency range or to appropriately fit amplification” (p.108).

It'can be concluded that, although click-evoked ABR results should be interpreted with
chution, they provide ample diagnostic information to justify inclusion in threshold
ejtimation. They provide a general estimation of high frequency hearing that may assist

ir further delineation of diagnostic considerations.

Vilhen hearing loss is present, it typically involves at least the higher frequency regions.
Hhbilitative options are larger for high frequency hearing loss than some of the other
configurations of hearing loss (Gorga, 1999). In fact, it is considered rare to find low
frequency hearing loss with normal high frequency hearing. Cochlear mechanics place
ai) absolute limit on the amount of low frequency sensory neural hearing loss that may
bi present with normal hearing function in the cochlear base. No more than a moderate
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t« severe low frequency hearing loss is possible, when thresholds are within normal
lirnits in the high frequencies, irrespective of the condition of the cochlear apex (Thornton
&.Abbas, 1980). Additional to providing some high frequency information to assist in
hearing aid fitting, it also rules out the possibility of neurological involvement, a vital
p locedure when considering the increasing documentation of pathology such as auditory
n puropathy and the relatively marked incidence of acoustic neuroma when compared to

o her brain tumors.

2i5.2.2 Tone burst stimuli

A trade-off occurs between frequency specificity and neural synchrony in the search for
frtquency specific stimuli. The difficulty resides in the fact that most evoked potentials
ae elicited by brief stimuli or, in some cases, by the onset of linger responses. This
results in a physical limitation of the stimulus to be frequency specific, as a brief stimulus
wll have energy in regions outside of the signature frequency. Tone bursts are more
fri}quency specific than clicks, but are still not as frequency specific as pure tones (Hood,
1198). Wave morphology elicited by tone bursts, especially the earlier waves, is

cdmpromised due to reduced neural synchrony.

Ghldstein & Aldrich (1999) describe tone bursts as short duration stimuli with narrow
sflectra and some tonality, which render closer approximation of the pure tone
thresholds than click stimuli. The largest concentration of acoustic energy occurs at one
frilquency and then spreads to surrounding frequencies. These narrow spectrum signals
myy, therefore, be used “to obtain audiograms that more clearly resemble threshold
atdiograms obtained with conventional long duration tones in voluntary behavioural

response audiometry” (Goldstein & Aldrich, 1999:66).
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Ciates & Stapells (1998) state that the use of tone burst ABR can provide a valuable tool
far assessing peripheral hearing sensitivity in difficult-to-test populations, provided that
the stimulus, noise masking and recording parameters are meticulously selected to
ensure optimal frequency specificity. When the stimulus and recording parameters are
cirefully selected, the strongest side bands of energy are well below the leve! of the
fundamental energy band, enabling the detection of frequency specific data. Even in

lcw-level signals, the fundamental or dominant frequency clearly dominates the stimuli.

Tb decrease the spread of energy outside of the nominal frequency, special envelopes
ad gates for brief tones may be used that will concentrate the energy (Gorga, Abbas &
Worthington, 1985). The envelope determines the reiative amplitude between the main
Icbes of energy and the side lobes. The gating function determines the nature and the

réte of onset (rise) and fall time as well as the plateau duration (Gorga, 1999).

Tihe riseffall time of the stimuli have a direct bearing on frequency specificity: the longer
the rise and fall time, the better the frequency specificity with lesser occurrence of
st llatter of stimulus energy above and below the nominal frequency (Hall, 1992; Stapells,
14194; Stapells, Gravel & Martin, 1995; Hood, 1998). The length of the rise/fall time of the
tone burst is, however, limited to no more than 5 msec, because longer duration causes
the amplitude of Wave V of the ABR to decrease significantly (Stapells & Picton, 1981).
The plateau has no influence on frequency specificity (Hood, 1998). The width of the
erlergy lobes in the amplitude spectra, therefore, depends on the duration of the

st mulus.
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2.5.3 Envelope effects on Auditory Evoked Potentials used for threshold
estimation
Changes in the envelope affect the spectrum, physical intensity and loudness due to
duration changes and temporal integration. While linear windowing function results in a
2.! dB difference between the dominant frequency and the first side frequencies with a
further decrease of 12 dB/octave in following side energy bands (Oates & Stapells,
1¢198; Gorga, 1999), it is not ideal. The abrupt changes from no stimulus, to the rise with
additional sharp changes at plateau levels, are problematic, even though energy is
ccncentrated around a center frequency, with reduced but present energy bands at

acjjacent and distant frequencies as well.

Blackman or Hanning (cosine squared) windowing are preferred to linear windowing
(Fill, 1992; Hood, 1998; Oates and Stapells, 1998) because of the more gradual on-
ard offsets, resulting in less spectral spread of energy into other frequency ranges. For a
Blackman gated tone burst, the first side lobe shows a 58 dB decrease in relative
erergy, which is considerably more than that achieved with a linear gating function.
Adjacent energy bands decrease at a rate of 18 dB/octave after the first side band

(Corga, 1999; Goldstein & Aldrich, 1999).

Blackman thresholds tap into the auditory fibers responsible for a specific stimulus
frequency and these nerve fibers that enervate the cochlear base, therefore have sharp
tuning around this particular frequency (the frequency to which they are most sensitive).
Ttis does not mean that high intensity levels will not excite nearby frequency regions.
Even low frequency pure tones, having an extremely narrow amplitude spectrum, will
extite tails of fibers ennervating higher frequency regions once the level exceeds

approximately 60 dB relative to the best threshold for these fibers. Blackman windows
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piovide as much but no more frequency selectivity as, but no more than the normal

cichlea itself (Gorga, 1999).

The preference of which filter to use remains mostly academic and research-orientated,
ay most of the manufactures pre-select Blackman ramping in their software prior to
commercial distribution. It is, however, important for clinicians to be cognizant of the
viiriables and software complexities available within the field of AEP and to fully

ajlpreciate their contribution to frequency specific threshold estimates.

2.56.4 Masking techniques in Auditory Evoked Potential protocols

2.5.4.1 High pass filters for derived responses

The derived response technique has been proposed by Don, Eggermont & Brackman
(1B79) to obtain frequency specific information from broadband stimuli. The broadband
response, elicited by click, could be parceled into responses coming from more narrowly
defined frequency bands (Teas et al. 1962). The procedure entails the progressive
lo'vering of the cut-off frequency of a high pass filter and an ABR is then obtained at
eeich of the cut-off frequencies. The thresholds of each recording at adjacent masker
cLt-off frequencies are subtracted from one another. High pass filtered noise is effective
as: it appears to desynchronize neural output in frequency regions of the masker noise
(Coldstein & Aldrich, 1999; Gorga, 1999). The remaining response, therefore, represents
neural activity in frequency regions below the noise of the cut-off frequency. This
ermbles the separation of specific wave components while asserting control over
frequency regions that are being assessed. From this derived response, an audiogram
can be constructed which shows excellent agreement with pure tone thresholds (Gorga,

19p9).
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The major disadvantage of this technique, according to Picton (1991), is that the noise
levels will increase to relatively high levels to enable the masking of the click, to such an
e:ttent that noise induced hearing impairment becomes a clinical reality. Moreover, this
pibcedure has not had success clinically as a large number of responses are needed to
durive the eventual audiogram. Waveform manipulation is also required, following the
re bording to subtract and compute the derived response which is, therefore, rather time
censuming. Another factor is that the comfort of the patient may be jeopardized, as the
séjme transducer is used for the noise and the click stimuli, often at high intensities as

alleady mentioned. Lastly, data storage may become cumbersome.

Aulother variation on high pass filtering techniques was proposed by Kileny (1981) when
hei used high pass filters with tone burst stimuli in an attempt to mask higher frequency
repions while obtaining response activity from lower frequency regions of the cochiea.
He found that high pass filters seem to be inappropriate for mid and high frequency
toes. Underestimation of degree of hearing loss at high frequencies also occurred, and
it :leemed that high pass filters were more sensitive to contributions from low frequency

rejions.

Tre use of high pass filters is limited to somewhat dated research protocols with little
redent clinical application. Furthermore, the availability of notched noise (described in
Section 2.5.3.2) and the abundance of evidence of its efficiency at increasing frequency

sp pcificity have significantly reduced the utility of high pass filters.

2.!L.4.2 Notched noise
Nciched noise has been proposed as a possible solution to increase frequency
spicificity of brief tones (Stapells et al., 1985; Stapells, 1989; Picton, 1991) as it restricts
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the responsiveness of the cochlear partition to frequencies within the region of the notch
when ‘he notch is set at a specific frequency range (Hall, 1992; Hood, 1995; 1998;
Goldst}in & Aldrich, 1999). Notched noise is added to prevent other low, mid and high
frequeiicy energy from contributing to data elicited from the nominal frequency (Stapells,
1994; Stapells et al, 1995; Oates & Stapells, 1998; Gorga, 1999). Less noise is
generzted within the notch causing the nominal frequency, within the notch, to have
increa:jed frequency specificity. Adding notched noise is more important at high intensity
levels, at low intensities, additional notched noise does not seem critical due to
decrezsed spread of spectral energy (Stapelis et al., 1985; Beattie, Thielen & Franzone,
1994; Hood, 1998). Although there is still spread of masking into the notch, especially
from liw frequency regions, reliable frequency specific estimates of thresholds may be
obtaind at 0.5, 1,2 and 4 kHz (Stapells & Picton, 1981; Stapells et al., 1985; Stapells at

al., 19190; Picton, 1991; Stapells, 1994; Stapells et al., 1995).

Notcheid noise provides a more efficient altemative than high pass filtered noise as
multiple recordings are substantially reduced and no subtraction of waveforms is
neces:jary. Unfortunately, additional special equipment is required to filter the noise and
the misked level for each recording is critical. The chief disadvantage is that the lower
frequencies in the noise may become masked (Picton, 1991). In the presence of
abnonnal tuning curves in the impaired cochlea, they may not exhibit the nomal sharp
tip at the characteristic frequency. This can result in improper masking by notched noise

when t is presented at intensities below the peak of the tone (Picton, 1991).

Similar results as for the notch may be obtained with white noise, although the amplitude
may bde smaller (Stapells, 1984). Broadband white noise requires less complex

instrurnentation and calibration in conjunction with tone bursts. With the notch absent,
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partial imasking of the nominal frequency occurs (Oates & Stapells, 1998). Although
able t(} have similar frequency specificity as notched noise, the response amplitude is
markellly reduced (~33 % smaller than with notched noise), making waveform
identifitation more difficult (Stapells et al., 1985; Stapells, 1994). Consequently,
broadlland white noise has had limited clinical utility outside research laboratories.
Accur; ite estimates of hearing thresholds can be obtained from 500-4000Hz for all age
populzltions at intensity levels of 10-30 dB nHL at all four frequencies, whether in quiet or
notch hoise masking (Stapells et al. 1990; Stapells, 1994; Stapells et al., 1995). The
literatt lre shows the following correlation with pure tone audiometry:
e Tone burst ABR estimations of pure tone behavioural threshold show a >0.94
co 1rrelation
e To ine burst ABR at frequencies 0.5,1,2,4 kHz with notched noise show a regression
slc ’pe close to 1.0 in the detection of hearing loss versus normal hearing (Stapells et
al.r 1995)
° A‘C'F does not seem to affect results
e St éldies with tone burst threshold estimates with notched noise masking indicated
th: ilt more than 90% of cases were within 20dB of the pure tone threshold
. Acburacy was better in cases with hearing loss for hearing loss than those with
ne rmal hearing sensitivity in older children and adults (Stapells et al., 1990) and
e Tre audiometric configuration does not affect accuracy.
|
Oates & Stapells (1998) conclude that audiologists may be confident in relying on ABR

threst pids for air conducted brief tones to estimate hearing sensitivity between 0.5 and 4

kHz viith reasonable accuracy in infants, young children and adults. Furthermore, at
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moderately high intensities, the frequency and place specificity is enhanced by notched

noise.

The tone burst is, however; still not popular among clinicians despite its proven
increased frequency specificity. The reasons for this can possibly be related to the
expense of the necessary software upgrades, the installation of a second channel, and
the prerequisite obtaining of normative data. Clinicians may also feel daunted by the
complexity of gating functions and the continuous riseffall time adjustments per

frequency in addition to the usual concerns of evoked potential audiometry.

The efficiency in test time can also hamper regular introduction of tone burst ABR into
practice. Results for each stimulus will take the same amount of time as for a click ABR.
Tone bursts at two frequencies will take twice as long, and threshold estimates at four

frequencies will take four times longer than a click ABR.

Finally, the deteriorated wave morphology can also cause increases in analysis time
when compared to click ABR, especially at threshold level. The lower the frequency, the

lesser distinct the earlier waves even at moderate intensities (Stapelis & Picton, 1981).

2.6 CONCLUDING REMARKS ON EXISTING TECHNIQUES — MORE THAN A
TEST BATTERY

Earlier in this chapter (Section 2.5.1), it was suggested that the pure tone audiogram of a

patient should be regarded as the primary objective for the use of auditory evoked

potentials. This implies that the effectiveness of a protocol should be evaluated in terms

of its confidence in determining the loudness level at which sound is audible 50% of the
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tine across the frequency range; in other words, the efficacy of the procedure in

d ptecting threshold in high and low frequencies.

P erhaps the most important result of the use of such a benchmark is to gain awareness
ol the cause and extent of the deficiencies in protocols (Hyde, 1991). Although rigid
p lotocols are appropriate for certain designated uses of AEP, such as screening, they
sliould not be implemented across the board. An unyielding enforcement of a test
piotocol would not optimize the comprehensive assessment of hearing sensitivity.
Ir flexible recording protocols, irrespective of patient response or stimulus characteristics,
do not recognize the influence of age and physiological noise levels as the primary
cunsiderations, rather than the frequency of the test stimulus. “This cookbook approach
is often ineffective in measuring hearing with the AEP” (Herrman & Thornton, 1991:21).
A} Eggermont (1991) states all AEP methods, if applied at the state of the art, are
e(ually good; in other words, the responses all exhibit the acceptable standard deviation

o1'10 dB in optimal testing conditions.

The appropnateness of the test protocol will of course be colored by the audiogram
ccnfiguration and nature of the impairment and it is therefore not as unambiguous.
However, the time restraint that clinicians face takes its toll, in that time consuming ABR
ard MLR studies with tone burst, clicks and high pass masking and its various
ccmbinations are set aside for the simple broadband click ABR screening procedure.
E¢)germont (1991) warns that this situation may result in sub-optimal assessment of

hearing in difficult-to-test populations.

Hyide (1991) offers a valuable solution in suggesting that the answer lies in decision

pritocols that connect various test procedures in a consistent and structured manner.
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H disagrees with the general acceptance of the test battery approach by suggesting
that explicit goals should be set for diagnostic and therapeutic protocols, a technique
wilich he considers far superior to the “popular informal idea of a test battery — which
geinerally does not seem to inspire either quantification or accountability” (Hyde,

1¢91:25),

Sume suggestions for test protocol inclusion follow. One suggestion is to record an
urimasked click ABR at a high intensity (70 dB) and then decrease to threshold level to
ot tain high frequency information regarding hearing sensitivity and neural synchrony. A
tone burst ABR at 500Hz masked with notched noise at the high intensities should then
bei recorded to threshold level to obtain low frequency information (Hall, 1992; Hood,

1€98; Arnold, 2000).

Hood (1998) furthermore suggests that, instead of a tone burst ABR, the 40Hz Middle
Letency Response (Galambos et al., 1981) could be utilised in older patients to obtain
lov frequency information. It provides a faster alternative to tone burst ABR: fewer
stimulus sweeps are necessary and responses may be obtained within seconds. Clinical
use is limited due to maturational and sedation effects on the response, and optimal

re pording is only achieved in quiet, awake adults.

One could conclude that this protocol enables the effective determination of hearing
eslimates within 10-30 dB of the behavioural response for 500 Hz tone burst or the 40Hz
reponse while providing non-specific high frequency information near threshold.
Athough wave morphology will be interpretable at quite low levels, a complete
acdiogram cannot be constructed using the data, but enough information may be
oklained in an efficient manner to provide habilitation to the individual patient.
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#inother suggestion could entail singular use of tone burst stimuli with notched noise at
(15- 4 kHz to threshold level as proposed by Stapells (1994) and colleagues (Stapells et
gl., 1995; Oates & Stapells, 1998) and Gorga (1999), disregarding click ABR. An
eudiogram may be constructed at approximately 20-30 dB above threshold for four
cfitical frequencies. The poor wave morphology, complexity of stimulus parameters and

I bng test duration impact negatively on the effectiveness of this suggestion, however.

I} summary it can be stated that AEPs offer a variety of procedures with no recipe-like
‘tlest’ test that is suitable for all objectives and circumstances. Ideally, the use of more
tilan one AEP measure would be suggested, moving away from the pre-occupation with
a single test procedure that is applied in an indiscriminate manner, resulting in an
apsessment protocol that is not in the patient’s interest (Hyde, 1991). The selection of
ttie protocol should also accommodate local variables like the prevalence of disorders
ahd multi-study indicators of test and protocol performance. Professionals should have
wprkable knowledge, and their training should be continuous within an environment
where good equipment maintenance is considered of cardinal importance. Hyde (1991)
siiggests a rule of thumb that if clinicians perform AEPs less than once a week, they

sliould not perform them at all.

27 NEW POSSIBILITY — A BRIEF INTRODUCTION TO THE STEADY STATE
TECHNIQUE

A new technique, without some of the problems facing other frequency specific attempts

inthe AEP domain has recently emerged in clinical studies termed the auditory steady

state evoked potentials. This phenomenon consists of the use of tones, modulated in

arhplitude at rates between 75-110 Hz, which seem to improve the frequency specificity

of the stimuli. In addition, automatic detection is introduced, as the responses are
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s "hereare good and bad test conditions, good and bad instrumentation,
od and bad tactics, and good and bad interpretations. There is a
t ndency to overlook this problem partly because of the illusion that AEP

t~stresults are objective~In reality, subjective judgment intrudes in many

{ cefs."of AEP testing"(~~~' .1991:26).
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CHAPTER THREE
STEADY STATE AS A NOVEL AEP TECHNIQUE IN THE
ESTIMATION OF HEARING

3.1 INTRODUCTION

hi this chapter, the new AEP phenomenon of ASSEP will be explored. To provide a
Ic,gical starting point for the characteristics of ASSEP, a definition will be rendered in
tl~rmsof what it is (and is not) in relation to other AEPs. Following that, an outline of the
s gnature characteristics of ASSEP will be highlighted. The underlying mechanism of the
P uditory Steady State Evoked Potential will then be expounded, as it differs substantially
f,om the mechanisms of existing AEP procedures. The influence of variables such as
nlultiple stimuli, intensity, frequency and measurements within the frequency domain will

be discussed.

1iwill become clear from the above discussion that the ASSEP poses a novel view on
cur traditional conceptualization in AEP procedures. Therefore, the discussion will
I(Igically continue with the application possibilities of ASSEP in the context of hearing
e stimation as a new tool in the electrophysiological arsenal of hearing tests. This
discussion will expose the limitations of the ABR, as the most clinically used
¢ lectrophysiological hearing estimator, while providing an overview of the clinical utility of

P SSEP in recent research papers. The chapter concludes with an introduction to the
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purpose of the study created by the caveats evident in existing clinical research on

ASSEP.2

32 TOWARDS A DEFINITION OF AUDITORY STEADY STATE EVOKED
POTENTIALS®

Iri order to define what a steady state response is, a logical starting point is to define

s dme of the characteristics in relation to other evoked potentials such as OAE and ABR.

The stimulus (Section 3.2.1) and response (Section 3.2.2) characteristics will be

dscussed separately.

32.1 STIMULUS USED IN AUDITORY STEADY STATE EVOKED POTENTIALS
312.1.1 Transient versus sustained/continuous

The stimulus differs from those used in other evoked potential procedures such as OAE
and ABR. Transient evoked OAE, for instance, and ABR stimuli are transient in nature.
Buchwald & Huang (1975) describe a transient potential as one that is evoked when the

anditory system is allowed sufficient inter-stimulus intervals to return completely or

? ¢ hort abbreviation reminder:
ALSEP Auditory Steady State Evoked Potential

MIIASSEP Multiple Frequency Auditory Steady State Evoked Potential

AfIR Auditory Brainstem Response

Al tone Amplitude Modulated tone

Fh| Frequency Modulation

i st of Terminology:

Mt idulation Frequency: The rate of modulation which differs significantly depending on the application of the steady
state response.

Ce frier Frequency: The low, mid or high frequency tone that is being examined of which the psycho-acoustic
correlate is pitch.

Fuhdamental Frequency: The same as the modulation frequency.

Fa bt Fourier Transform: A method that is used to transform waveforms form the time domain (in milliseconds) to the

frequency domain (in Hz). The FFT converts the data and the response is detected at the
modulation frequency.

Th tone at a specific carrier frequency is modulated at a specific, different frequency and through
Fa it Fourier transform the response is detected at the modulation frequency.
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mpstly to its initial state before the next stimulus is presented. If the inter-stimulus time
is shortened in such a way as to overlap, the compound potential that appears is called
a steady state response (Regan, 1989) The potential is only generated in the rate of
presentation is, therefore, only sufficient to cause an overlapping of these transient
putentials (Kuwada, Batra & Maher, 1986) The tone is, in other words, continuous or

stIstained (Regan, 1989).

3.2.1.2 Modulated stimuli

The stimulus is modulated in amplitude and/or frequency at frequencies between 3 and
2(10 Hz (Figure 3.1). The sinusoidal amplitude modulation evokes the Steady State
Response, which can be detected at the frequency of modulation (Kuwada et al., 1986;
Cllambers et al., 1986; Picton et al., 1987; Cohen et al., 1991; Dolphin & Mountain,
1¢193). For example, if a 1000Hz tone is modulated at 91Hz, the steady state evoked
pctential can be detected at 91Hz on the frequency axis (Figure 3.2). The sinusoidal
mpdulation of the amplitude of a continuous tone, therefore, evokes the steady state
response (Kuwada et al.,, 1986; Picton et al., 1987). Stated differently, without the

m pdulation, no steady state response would be evident.

3.2.2 Evoked response

“To most western minds, everyday experience seems to be a succession of transient
events, each of which has a beginning and an ending. For example, a musical melody
mpy contain several different tone frequencies, but each note lasts only for a brief time
rather than enduring indefinitely. Thus, our everyday experience predisposes us to
repard a time-domain description of physical events — including oscillations- as natural

ard intuitive.” (Regan, 1989:34)
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I contrast to this, the ASSEP is a frequency domain response and, according to Regan
(1989:34), a “deep understanding of the frequency domain is less easily attained”, He
continues by stating that the “main reason for the unease with the frequency domain is
tilat Fourier's frequency domain description is cast in terms of oscillations that persist
though infinite time: each sine wave stretches infinitely into the past and the future” (p.
3#). A detailed explanation of the Fourier frequency domain and its contributions are
ptesented by Regan and is beyond the scope of this paper. The process of frequency
dpmain and its utility in the ASSEP hearing estimation will be graphically presented in

ttie following section.

An annotated schematic display of the response following signal presentation is
plesented below. (Derived from the Cuban Neuroscience Center Power Point

p'esentation on the Audix Multiple Steady State Response, 2000)
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Amplitude modulated
tone at a carrier
freque cy of 1000Hz is
presented to the ear.

Graphic display of

modulation -

=TTl

The basilar membrane of the
cochlea, here represented
schematically in an uncoiled
state, responds at the
frequency region responsible
for cerceofion .of 1000Hz.

Phase 1

© University of Pretoria

The frequency axis shows
an increase in amplitude at
91 Hz, with little
involvement of the adjacent
areas.

A Steady state response
can be detected on the
frequency axis, for a carrier
tone of 1000Hz at the
frequency of modulation
namely at 91Hz. Hearing
sensitivity at 1000Hz at this
particular intensity is,
therefore, determined.

response detection at the frequency of



Automated response detection through Fast Fourier Transform

(Derived from the Cuban Neuroscience Center Power Point presentation on the

Complex waveforms of the EEG
in the time domain are converted
to the frequency domain using
FFT (Lins & Picton, 1995).

Phase and amplitude information
is collected on the frequency axis.
Through the use of the F-test
(technique used in the frequency
domain for response detection),
the vectors of the responses are
analyzed (Lins et al., 1996).

The four quadrants represent the
four phases of the response. The
circle represents the noise and
artifact. In the first picture, the
response does not reach
significance with the F-test, as its
amplitude remains smaller than
the noise. In the second picture
the response is present as the
amplitude of  the response
exceeds the noise significantly.

The amplitude does The amplitude
not exceed the noise exceeds the noise
circle. circle.

Fig re 3.2 Graphic display of response detection at the frequency of
modulation - Phase 2
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The transition from the time domain to the frequency domain holds exiting implications
for the threshold estimation. The above discussion implies the existence of true
oljectivity in an AEP protocol. The possibility of automatic detection of a response finally
elisures objectivity (the patient is not required to respond and the clinician is not required

to interpret) at frequency specific junctures on the audiogram.

The ASSEP moves away from the complex waveforms of the ABR, operating on
diferent principles even though both these short latency responses are inferentially
ernployed to predict hearing sensitivity in difficult-to-test populations (Rance et al., 1995;

Lirs et al., 1996). The most significant differences are tabulated in Table 3.1.

T:ble 3.1 Differences between ASSEP and ABR
(tharacteristic Auditory Steady State Implications for clinical hearing testing
Brainstem Response
L Response
S fmulus Transient Sustained The spectral jitter associated with brief duration stimuli
is eliminated with the use of a continuous tone, limiting
the amount of useless responses (Rance et al., 1998).
Click or tone Sinusoidal modulated | The frequency specificity of a tone ensures that an
burst tone audiogram prediction may be obtained while the
modulation at 75-110Hz guarantees the objectivity of
L _ the recording (Lins & Picton, 1995).
R psponse In time domain Frequency Domain Response development may be observed at the
(msec) (Hz) frequency of modulation and its harmonics, with little
interference from surrounding areas (Lins & Picton,
1995).
Latency and Amplitude and phase The ASSEP technique is restricted to the assessment
amplitude measurements of hearing. Mass-like retrocochlear lesions may not be
measurements identified with variations in inter-peak-latencies in the
time domain, as is the case with ABR. The use of ABR
in tumor identification has, however, become
redundant with the introduction of the CT Scan, MRI
and fMRI over the last decades, even though it is still
in existence. “With brain imaging becoming the gold
standard for diagnosis of neoplasms in the CNS,
including the auditory system, diagnostic site-of-lesion
audiology tests have become less and less viable”
(Jerger, 2000:616).
Response Automatic Response The test procedure ensures double objectivity i.e. no
detection in detection at frequency |} subjective participation of the client or interpretation by
time domain by | of modulation the clinician (Rickards et al., 1994).
_ clinician
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3.2.3 Final definition

From th'F above discussion, a definition of the amplitude - modulated Auditory Steady
State Evpked Potential can be defined as a periodic response to a periodically changing
continuc us stimulus at a specific carrier frequency that had been modulated between 3-
200Hz cpending on the purpose of the ASSEP (Buchwald & Huang, 1975; Kuwada et
al., 198t 5 Picton et al., 1987; Rickards et al., 1994, Lins & Picton, 1995). Based on this
definitio p some of the key characteristics will be highlighted as they relate to the field of

hearing estimation.

3.3 IKEY CHARACTERISTICS OF THE STEADY STATE EVOKED POTENTIAL
3.3.1 !jteady State Evoked Potentials and stimulus rate
Initially |[-salambos (Galambos et al., 1981) used the Steady State technique to study
responses at 40Hz because of the relatively large amplitudes observed during testing
(Cohen et al., 1991). Even though it was a useful neurophysiological tool, the 40Hz
responsjes are affected by various conditions. As in any middle latency responses,
maturaijon plays a decisive role (Osterhammel et al., 1985) and Stapells et al. (1988)
reporte‘p inconsistent response detection in children. The amplitude of the responses
also de Freases significantly during sleep (Linden et al., 1985; Cohen, 1991). Moreover,
PIourde! & Picton (1990) report dramatic attenuation of responses during general
anesthisia, limiting its applications in difficult-to-test populations.

!
The 4( 'Hz Steady State is not without its uses. It can be used successfully in awake
adults (>12 years of age) for hearing testing and also as a method to monitor
conscilusness during general anesthesia. The dramatic effect of sleep and
conscijusness on the 40Hz responses, however, indicates that the site of generation

contair s the superimposition of at least two major contributors namely the auditory corti
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b#¥ing in the lemniscal auditory system of the brainstem with smaller contributions from
tre primary auditory cortex, hence the lesser susceptibility to sleep and maturational

eifects (Lins & Picton, 1995).

Quite recently experimental research has been conducted using stimulus rates between
1:§0-190 Hz in an attempt to further investigate the physiology of the auditory system
(Lins & Picton, 1995). Even though this technique has not been used in clinical hearing
piediction, research results have provided some valuable clues to response generators.
Inftial findings at the high stimulus rate indicate equal contributions of the brainstem and
cdrtex compared to the relatively larger contribution to responses when the rate is
slpwed to 80Hz.The variation of the modulation rate offers a novel view of pathology in
the auditory system up to cortical level, delineating the various contributions of the lower
brainstem, upper brainstem and primary auditory cortex to the processing of sound
(Flegan, 1989; Regan & Regan, 1993; Lins & Picton, 1995). Research in this regard has,

h«wever, not extended beyond hypothesis in most instances.

3.8.2 Steady State Evoked Potentials and stimulus technique

Tiyo kinds of stimulus techniques exist, namely, monotic and dichotic. Rickards et al.
(1P94) developed the monotic stimulus technique specifically for hearing assessment
ptrposes in a cochlear implant program. As in the case of ABR, the stimulus is

prsented to each ear sequentially, and for each frequency separately.

Ttie dichotic, multiple stimulus technique was adopted from research related to the
vitjual response field by Regan (1989). Its occasional use in the auditory system was
dccumented by Regan & Regan (1993). They found that when four carrier frequencies

ar} presented in each ear and the stimuli are presented to both ears simultaneously, the
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risponses are not significantly different from the responses obtained in the sequential
njanner. Their findings however, were and still are applicable only to stimuli presented at

Icw to moderate stimulus intensity levels (Lins & Picton, 1995).

I|! Cuba, the multiple stimulus technique was used in moderate to severe hearing
irppairment with apparent success (Perez-Abalo et al., 2001). Advocates of the monotic
nilethod argue that simultaneous presentation limits the separation of responses at high
ir kensities, while the monotic method provides ear specific information at very high
irkensities such as will be used in the candidacy determination protocol at a cochlear
irhplant center. The Cuban study holds exiting possibilities that may refute the argument

of the sequential advocates. The need for more research is clearly indicated.

3 i3.3 Steady State Evoked Potentials and stimulus modulation

Irfitially, 100% amplitude modulation was considered sufficient, yet researchers in some
cnters have added various amounts of FM modulation to the stimulus through simple
v pctor addition to create multiple modulation (MM) in their MASTER system. John &
F ‘cton (2000) found that 100% AM modulation alone showed no significant responses at
3D dB (approximately 10-15 dB above the behavioural thresholds of their subjects) even
thpugh the stimulus was audible to the subjects. The combined stimulus of 100% AM
nodulation and 25% FM modulation indicated that responses at 50dB reached
s bniﬁcance at twice the speed of 100% AM modulation alone (Cohen et al., 1991), while
rejsponses at lower intensity levels, such as 30 and 40dB, were enhanced compared to
1 bo% AM alone, therefore increasing the test efficiency even further. It is important to
c)nsider that MM increased the test efficiency in addition to the already existing muitiple
sifnultaneous stimulation using the MASTER system. The first commercially available
s }stem using MM is unavailable at the time of submission, but it is expected to reach
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clnics in 2002. It will be a sequential system based on the endeavors of Rickards and

cplleagues at the University of Melbourne, Melbourne, Australia.

N :hltiple modulation needs to be considered with some reservation, however. Although it
h jblds exiting possibilities, further exploration is needed to specify the postulated
abatomical origins of the responses and to identify the site of lesion using a multiple
npdulation technique. AM modulation is mediated by neurons with characteristic
frpquencies higher than the carrier frequency of the modulation frequency, while FM is
n ﬁadiated by neurons with a lower characteristic frequency (John, Dimitrijevic, Van Roon
& iPicton, 2000b). The interactions of these two relatively independent processes needs
tc | be defined, as it seems that there is little overlap between the neural generators of AM

a)d FM, especially in the multiple stimulus, simultaneous condition.

With reference to clinical application, it also needs to be confirmed if infants can detect
F W modulated signals in the multiple and the monotic stimulus conditions (John &
P bton, 2000). The literature indicated FM perception at 4-6 months of age, but these
firjdings need to be clearly confirmed prior to its application in the very young (John &

P tton, 2000).

3.# THE MECHANISM OF STEADY STATE EVOKED POTENTIALS: FROM
SIGNAL PERCEPTION TO RESPONSE DETECTION

Tlle mechanism is illustrated in Figure 3.3. The process is arbitrarily divided into the
in iial rectification process, the derived spectral component, and the FFT and response

deection with the F-test.
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From polarization to
rectification

Deriving the spectral

.

In the cochlea the inner hair cells are
polarized and depolarized by sound.
Action potentials of auditory nerve
fibers are  transmitted through
depolarization of the inner hair cells.

component d The cochlear output contains the
rectified version of the depolarization
process .
00000 DERIVED SPECTRAL
" COMPONENT
- The output of the cochlea has the
I spectral component at frequency of
modulation which van be utilized,
..' with variation in intensity, to assess
the cochlear response to the carrier
frequency.
=
r
. ’ Time domain waveforms are
converted to frequency domain via
_:“ Fast Fourier Transform.
With FFT, the amplitude and phase
... of the response to each carrier
.’ frequency  corresponding to the
frequency of modulation is
000 determined through vector
: averaging.
3
The F-Technique as described by
| on | ell Wei (1990) and Zurek (1992) is used
Response detection to evaluate whether a response at
g\& stimulus frequency is different from
00000 the noise in adjacent frequencies .
_— The F technique detects the
.. response  automatically and no
I subjective interpretation is required.
000
Figure 3.3 An annotated illustration of the mechanism of ASSEP (Lins &

Picton,

1995; Lins et al.,, 1996; John et al.,, 200la & b; John &
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ELS THE INFLUENCE OF AUDIOMETRIC AND RELATED VARIABLES ON

4 LUDITORY STEADY STATE EVOKED POTENTIALS

23/5.1 Influence of combined stimulus

(bmbined stimulus effects are applicable to the dichotic, muitiple stimulus mode. The
|
r.)tionale behind combining stimuli deals with the carrier of each stimulus (in other words,

tl j}e frequency) has its maximal effect at different segments of the basilar membrane,
vF\ich allow for different groups if inner hair cells to be activated (John & Picton, 2000).
Tbe separate modulation frequencies allow for the spectral component of each carrier
fi Fquency to be at a different modulation frequency in the frequency domain, provided

ti ‘at the modulation frequencies are an octave apart (Lins & Picton, 1995). Lins & Picton
|

( ’995) note that the cochlear filters used in sound perception are somewhat smaller than

ab octave, still allowing for accurate pitch perception in normal ears. Therefore, outside
of an octave, there is little overlap in activation of the areas of the basilar membrane.

J }hn & Picton (2000), however, are careful to note that the overlap is not evident at

n bderate to low intensities.

3 52 Influence of frequency domain measurements on latency information

L*tency relates to the delay between stimulus onset and the peak of the response

(}’ood, 1998). Especially in the neurological application of the auditory brainstem
re jbponse, the use of inter-peak latencies and inter-aural latency measures conveys
e ‘&sential diagnostic information to assist in the identification of mass like lesions on the

el bhth nerve (Hall, 1992; Hood, 1998; Goldstein & Aldrich, 1999).

Tl }ere are at least five contributions to the latency of a neuro-physiological response to

al :bditory stimuli, whether recorded in the time domain or in the frequency domain. They

alp:
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. The acoustic delay of sound
. The transport delay

. Filter build-up time

. Synaptic delay

. Conduction delay (Pantev et al., 1996; John & Picton, 2000).

A further complication derives form the fact that latency is not merely the calculated sum
of these five delays. The temporal characteristics and the direction of the field potentials
us ually influence the relative latency of the response in addition to accentuating onset
responses (when synchrony in response is more evident) as opposed to continuous

re sponses.

B icause of the multitude of neural excitation patterns in the presence of auditory stimuli,
la ency interpretation based on physiology is a challenging process. The complex nature
of latency measurements has not deterred the accumulation of a wealth of information
ol latency in the time domain. Because of the periodic nature of the steady state
re sponse, however, conventional measurement of latency is prohibited in the frequency

dumain (Rickards et al., 1994).

Intial research results show latencies in adults of between 11.2 and 14.9 msec,
dupending on the carrier frequency. Consistent with ABR findings, latency decreases
from infancy to adulthood (Osterhammel et al., 1983; Stapells et al., 1989). Decreases in
laency are also evident from low to high frequencies, similar to those in adults (Gorga,
1¢199). A tentative hypothesis by John & Picton (2000) is that the frequency related delay

seems to be the sum of transport time and the filter build-up time for each carrier
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f equency. They further suggest that high carrier frequencies show a shorter transport
t me for acoustic energy to reach the responsive region of the basilar membrane (John &

F icton, 2000).

I is expected that the collection of steady state latency correlates will continue in
rsearch laboratories. The clinical utility of this information in hearing and neurological
cinics may still be elusive in the near future. Nevertheless, the exploration should be
€ncouraged, as the use of true objectivity in latency measurements will amplify existing

k yowledge of retro-cochlear lesions.

3.5.3 Influence of intensity

# s already mentioned, low to moderate intensity stimulus levels show littie overlap when
nodulated one octave apart because the maximum effect of the carrier frequency on the
basilar membrane resides at a different location (John & Picton, 2000). However,
despite these qualifications, a pattern exists with variation in intensity: When a high
ir tensity stimulus is presented, the basal end of the cochlea dominates while low
ir tensity sounds are mediated by the basilar region responsible for 1kHz perception
(-ohn & Picton, 2000). These findings are similar to Zwislocki's statements (1991) that
tt e activation pattern of pure tones on the basilar membrane moves towards the stapes
with increase in intensity. He explains this phenomenon by stating that the rise time of
t e stimulus changes in the post synaptic potential, and the louder the sound, the more
r: pid the rise-time, resulting in more synaptic transmitter release and more synapses
biing activated. The stimulus frequency at various intensities also influences the
a itivation of the basilar membrane differently but, irrespective of carrier, saturation may
o :cur at high intensities, adding proof to the non-linearity of intensity changes of stimuli
(Lins & Picton, 1995; John & Picton, 2000).
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T e clinical implications for hearing estimation are numerous. For instance, the dichotic,
m ultiple stimulus mode, such as used by Perez-Abalo et al. (2001), presents no
e ridence against overlapping at high intensities. Additionally, the danger of saturation
his not been fully explored in terms of clinical signs (Picton, 2001). Furthermore, the
e fect of multiple stimulation at high intensities runs the risk of noise exposure and noise
ir duced hearing loss (Rickards et al., 2001). It is important to remember that continuous
stimulus is provided at high intensity, which may aggravate the risk of noise exposure
(Hlall & Mueller, 1997). The monotic system also run the risk of over stimulation at high
ir tensity levels and it would be a wise clinical choice to limit the output of the systems.

T e need for continued research is clearly indicated.

3.5.4 Influence of carrier frequency on Steady State Evoked Potentials

A :cording to John & Picton (2000) there are different physiological mechanisms at work
in the generation of a response in low, mid and high frequencies. The high frequency
re sponses occur earlier than low frequencies. They explained this phenomenon by the
piesence of a traveling wave on the basilar membrane, as well as the transport time of
scund to the basilar end of the cochlea for the low frequencies. Generally low frequency
responses are lower in amplitude with a lower effective intensity. The lower carrier
froquencies evoke an activation pattern on the basilar membrane that covers a greater
st atial area than the higher frequencies. Neurons on the rather broad area of the basilar
m :mbrane now respond to similar low frequencies such as 500 and 750Hz, and some of
th 2 neurons are activated at an earlier stage than others (Moore, 1993; John & Picton,
2(00). This phenomenon causes jitter, which can then attenuate the amplitude of the
ccmpound response. It implies that better responses are evoked in low frequency

re jions when the intensity is higher, similar to tone burst ABR at 500Hz (Gorga, 1999;
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[1ood, 1998). Higher threshold levels, with greater discrepancy with the pure tone data,

ould therefore be expected in the low frequencies.

5.5 Influence of the modulation frequency (rate of modulation)

In addition to providing the backdrop from which to assess hearing in difficult-to-test
|'opulations in various stages of wakefulness and sleep, the rate of modulation is
iidvantageous in the further disentangling of the response generators. Many different
regions of the auditory nervous system generate responses that follow the modulation of
«in amplitude-modulated tone, which has a specific phase and latency relationship with
tie stimulus (Pantev et al., 1996). It is the overlapping of these responses that is
compounded into a scalp recording which is called steady state evoked potentials
(Xuwada et al.,, 1986). The phase and latency measurements remain complicated
Unless at least one generator is clearly dominant (John & Picton, 2000). Therefore, by
ranipulating modulation rate or frequency of modulation, some insight may be gained

i ito the generators of steady state evoked potentials.

/s mentioned earlier in this chapter (Section 3.3.1), the 40Hz response is generated
r rimarily from the auditory cortex (hence its susceptibility to sieep and anesthesia), with
s ignificant variation in response amplitude, while variation in carrier frequency and the
k rainstem contribute less to this response (Galambos et al., 1981; Cohen et al., 1991).
The 80-100Hz responses are sourced mainly from the higher brainstem, the 150-170Hz
rsponses seem to derive from equal contributions from the high and low brainstem

(Rickards et al., 1994; Lins & Picton, 1995; John & Picton, 2000).
H could therefore be suggested that within the decision making protocol (Hyde, 1991)

F 'opagated in Chapter 2, two different sets of data could be collected by manipulating

77

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(03 ‘)

tire modulation rate. The increase or decrease of rate could cast light onto the various
contributions of the auditory pathway, provided that documented influences such as

v'akefulness and age are controlled and accommodated within this framework.

3.6  APPLICATION OF AUDITORY STEADY STATE EVOKED POTENTIALS IN
DIAGNOSTIC AUDIOLOGY

The clinical tentacles extending from the body of research on steady state evoked

potentials seem accelerated. With the influence of information technology it is expected

that discovery and application will decease in time frames across fields. Despite these

sgns of the time, Von Helmholtz (1863:18) warned that "whoever, in the pursuit of

ssience, seeks after immediate practical utility, may generally rest assured that he will

s ek in vain”,

Fis caution is warranted, and most researchers would agree with him. However, the
iritial findings on clinical application with ASSEP were extremely encouraging,
a:celerating the process somewhat, as in the words of Thoreau (1820:24) when he
commented “some circumstantial evidence is very strong, as when you find a trout in the

milk’.

T e following two sections will address the possibilities and the existing research on
ASSEP and its relevance to the current study. The application possibilities will be

rcughly divided into clinical and research applications.

3.6.1 Clinical applications
C inical applications are currently predominant in the auditory ASSEP literature. It can be

githered that ASSEP research is moving from pure research laboratory studies to more
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¢pplied investigations. Three specific applications will be touched upon: diagnostic

t ssting, screening and the examination of aided thresholds.

The most obvious, and currently most extensively researched application deals with
f earing estimation in difficult-to-test populations. The inclusion of ASSEP in the AEP
érsenal in hearing assessment holds exciting possibilities in terms of frequency
¢ pecificity and increased or ‘true’ objectivity (Rickards et al., 1994; Lins & Picton, 1995;
Flance et al., 1995; Perez-Abalo et al., 2001). Especially in the younger populations, the
eccuracy of the results will have a far-reaching positive effect on the appropriate
celineation and initial management of the infant. Not only would the thresholds be more
flequency specific and clearly identified, but the intensity levels used in the testing
s ituation couId\ be higher to pinpoint residual hearing in the severe to profound range
(Rance et al., 1993; Rickards et al., 1994; Rance et al., 1995). Moreover, the frequency
comain also limits the presence of the confounding effect of artifact (Rickards et al.,

1994).

Viith the ASSEP technique, AEP testing moves beyond identification to clear cut
ciagnosis of hearing acuity problems across the degree and frequency range in all
difficult-to-test populations. The variation of the carrier tone, therefore, with a constant
range of modulation, enables the recording of, for instance, eight responses
s multaneously in the multiple system, provided that there is a four-octave separation
between the carrier frequencies in each ear. Threshold predictions may also be
obtained for each ear separately. In the words of Picton “the general wisdom is that it is
irportant to identify an infant with a hearing impairment as soon as possible, preferably

within the first few months of life” (Picton, 1991:3).
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3.6.1.1 Screening

Current proposals for the screening and identification of hearing loss aim to target
infants in the first 6 months of life (NIH Consensus Committee, 1993, Joint Committee of
Infant Hearing, 1994). Several methods have been proposed, which include OAEs and
ABR (White & Behrens, 1993; Hyde et al., 1990). The ASSEP procedure can also be
implemented as a screening tool in nurseries. Automatic response detection and
frequency specificity are obvious advantages that may be explored successfully in the
nursery. The unspecific click stimulus of the ABR and the poor wave morphology
associated with tone burst at threshold level may be overcome when using ASSEP as a
screening device. Rickards et al. (1994) successfully recorded ASSEP in young, normal
full term, sleeping infants in the first few days of life at carrier frequencies 500, 1500 and
4000 Hz. Their use of high modulation showed similar results to unmasked tone burst
estimates of adults, with a normal distribution with definite reduction in testing time

compared to previously used methods.

3.6.1.2 Aided testing

Once the hearing impairment has been detected in an infant, and the diagnostic
procedures to categorize hearing have been concluded, treatment starts. In 16 cases of
hearing loss, the initial treatment usually entails the fitting of hearing aids (Picton et al.,
1998). According to Picton (1998:329) this procedure is usually “a matter of luck and
intuition”. In older populations, selection and adjustment is based on subjective
responses to acoustic stimuli, the so-called functional gain (Hawkins & Haskell, 1982).
Real ear insertion gain (Seewald et al., 1985) can be introduced, but the unaided
audiogram is required for this purpose. This is often unavailable in difficult-to-test
populations. The probe placement for these measurements can aiso be problematic in
the very young or the uncooperative (Picton et al., 1998). The ABR has been introduced
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as a measure of functional gain, yet the brief stimuli show high susceptibility to distortion
through the free field speaker and the hearing aid, further complicated by excessive
artifact (Kileny, 1981; Hall & Ruth, 1985). The hearing aid is designed to handle rapidly
changing sounds, which makes it quite different from the type of stimulus used in ABR
testing (Gorga et al., 1985). The prediction of hearing aid performance on continuous

speech stimuli is, therefore, challenging when using a brief onset response.

On the other hand, the nature of ASSEP stimuli (regularly repeating) that stabilizes over
time is unlikely to distort by amplification through speakers or hearing aids (Galambos et
al., 1981; Rickards & Clark, 1984; Stapells, 1984). These measures can also be
performed in infants as well as during sleep using a modulation rate between 70-100 Hz

(Cohen et al., 1991; Aoyagi et al., 1994; Rickards et al., 1994; Lins & Picton, 1995).

3.6.2 Research applications

There is a multitude of exiting possibilities because the clinical application of this
technique is in the initial phase. An experimental endeavor could be to record Steady
State Evoked Potentials from the speech processors of the cochlear implants, using an
adapter cable, to ensure maximal use of the electrode configuration in the maps.
Another application proposes the use of a single carrier tone while varying the
modulation frequency. According to Regan (1989) this may provide insight into the non-
linear processing in the auditory system. This also holds exciting possibilities for the field
of audiology as the processing of sound up to the primary auditory cortex can be
examined in a context of binaural stimulation as opposed to monaural stimulation,

moving away from hearing to processing of sound.
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Regan & Cartwright (1970) showed that the visual ASSEP to multiple stimuli is
recordable and able to be analyzed independently if each stimulus is modulated at a
different rate (see Regan, 1989 for detailed descriptions of these endeavors). It would be
prudent for researchers occupied with the auditory system to look beyond the application
of multiple ASSEP in hearing assessment to auditory processing and also multi-sensory
processing. Auditory processing at supra-threshold levels could possibly be explored
with variation on modulation rate (John & Picton, 2000) to expand on initial research

indicating the origin of responses.

Interaction between the visual and auditory systems in terms of electrophysiological
responses has not been researched even though the population with auditory
processing disorders often exhibit related difficulty in reading, which is not limited to
comprehension but includes mechanics of reading. Integrated treatment approaches are
recommended and entail a pen and paper approach to diagnosis. Electrophysiological
responses in the visual and auditory modality could become extremely valuable in the
quantification of linguistically —independent deficits, particularly in the multilingual South
African population. The audiologist may be able to provide a unique service to speech-

language therapists by implementing the visual and auditory ASSEP measurements.

A further unique advantage that audiologists have is their access to visual
communicators as opposed to auditory communicators, in the deaf population. This
holds exciting possibilities for research with ASSEP. The relative contributions of the
auditory system as opposed to the visual system in different modes of communication
have not been quantified with electrophysiology. Within the electrophysiological test

battery, the ASSEP technique in particular could offer exciting objective measures of this
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interesting phenomenon, clarifying some of the highly controversial methodology wars

between the so-called manualists and oralists.

3.7 ADVANTAGES OVER AUDITORY BRAINSTEM RESPONSE
Because of the novelty of the technique, clinical research is somewhat limited. Some
advantages over ABR have been postulated (Rickards et al., 1994; Lins et al., 1996)

even though the techniques have not been compared directly. These include:

3.7.1 Steady state provides objective response detection

Response measurement is simple and automated. This is different from ABR in that an
interpreter is not required since no peaks need to be identified. Rance et al. (1993:47)
comment on this particular advantage over other evoked potential techniques by stating
simply that “it does not require subjective waveform analysis”. Within the low frequency
tone burst ABR, subjectivity is especially rife, as the wave morphology shows clear
deterioration at minimal response levels, often hindering clear interpretation. Goldstein &
Aldrich (1999:121) state that “too few real life clinical reports are available to know how
often, if ever, the discrepancies from the tone burst threshold have led to incorrect
diagnostic or management decisions”. With ASSEP, there is, as already mentioned,
double objectivity because no response is required from the patient and no interpretation
is required from the researcher/investigator. Moreover, there are clear parameters that
automatically indicate the presence or absence of a response at a specific modulation
frequency to the noise at the adjacent frequencies and that assess the reliability of
responses automatically (Lins et al., 1996). There are also well-established and clearly

defined signal and noise estimators.
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Another factor to consider is that amplitudes of response does also not decrease as
dramatically in pathological ears as with ABR and response detection at low sensation
levels may be more pronounced in pathological ears. The increase in Steady State
Response amplitude (within 5dB of the pure tone result) may be ascribed to recruitment
(Rance et al., 1998), thereby providing additional clinical information with implications for
hearing aid fitting. The benefit for better threshold prediction and amplified threshold

prediction are evident.

3.7.2 Steady state accurately determines degree of hearing loss

The ASSEP can be recorded down to 10-20 dB above pure tone thresholds, in any state
of wakefulness or sleep, provided that the modulation rate remains above 75Hz (Cohen
et al., 1991). Close correlation between pure tones and ASSEP have been documented
- across the mild to profound range (Rickards et al., 1994; Lins & Picton, 1995; Lins et al.,
1996). Within the severe to profound categories, Rance et al. (1995) demonstrated that
ABR measurements are insensitive to threshold variation because of maximum output
restrictions and artifact concems on the equipment. The precise determination of
residual hearing in cochlear implant candidates is vital (Rance et al., 1993), and, as the
ASSEP output extends beyond the range of the ABR without artifact complication, its
use within this population is highly successful. Rance et al. (1993) have established that
an absent steady state response is a reliable indicator of a profound or total hearing
loss, indicating a greater degree of impairment and therefore handicap in terms of
access to speech stimuli. It also provides a means for improved aided threshold

prediction within the confines of cochlear implant candidacy.
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range critical for speech access, whereas the ABR causes a greater spread of energy
into frequencies other than the nominal frequency and requires masking noise to reduce

the effect of the spectral splatter caused by the energy.

3.7.5 Steady state results can be presented as an audiogram

The frequency specificity of the continuous tone enables the final results to be presented
as a conventional audiogram (Lins et al., 1996). The combination of vital information
about the degree and nature of the hearing loss depicted on traditional audiogram and
the objectivity of an automatically detected evoked response provide a critical advantage
over ABR thresholds. Rance et al. (1995) reports 99% of steady state thresholds to be
within 20 dB of the pure tone threshold. 95% of these were within 15dB and a further

82% were within 10 dB of the pure tone audiogram.

3.7.6 Steady state is time efficient

A typical ABR recording requires responses to more or less 48 tracings per client for

both ears. For example, from 70dB to 20dB in 10dB- descending- steps would require 6
tracings. Replication of waveforms is also required which would, at the very least, double
the number of traces to 12. A similar number of tracings would be required for the tone
burst ABR at a single frequency. At the very least 24 tracings per ear would be required

to obtain two points on the electrophysiological audiogram.
In the multiple ASSEP technique, four frequencies per ear can be tested simuitaneously,
thereby reducing the number of recordings (for four frequency specific points on the

electrophysiological audiogram) to six for both ears. This can result in reducing the

testing time dramatically.
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hi summary the following were observed: in the simultaneous stimulation condition most
O' the studies focused on normal populations in attempt to further describe the stimulus
ald recording parameters. Studies conducted in the hearing impaired population were
linited in number, severity and degree of hearing impairment. The same was observed

ir the sequential stimulation condition.

39 SUMMARY OF CHAPTER THREE

T his chapter has explored Steady State Evoked Potential as a new technique in the
p "ediction of hearing thresholds in difficult-to-test populations. Steady State was defined
ir a context of short latency responses, some of its key features were highlighted and
tt le mechanism explained. The influences that impact on the type of information obtained
With steady state were discussed. The chapter was concluded by discussing the
a jvantages over the ABR, while highlighting the limitations of the technique that will be

a jdressed by this study.
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CHAPTER FOUR
RESEARCH METHOD

Aim of Chapter

Ir this chapter, a detailed description of the participants, protocol and procedures

T lequest for a truly objective clinical measure to characterize hearing in normal ears
alld more especially in ears with hearing loss has been addressed in the preceding
cllapters as they relate to auditory evoked potentials. The dichotic multiple frequency
S:eady State Evoked Potential (Mf ASSEP) technique has been shown to be a clinically
vi llid tool in comparison to pure tone audiometry, as discussed in Chapter 3. The
ccmparison between two evoked potential techniques, namely Auditory Brainstem
Response (ABR) and Mf ASSEP, has not been addressed in a large sample of normal
ald impaired ears. The purpose of this chapter is thus to describe the research
IT ethod employed in the evaluation of the clinical validity of the dichotic Mf
A SSEP technique by comparing it to results obtained from pure tone audiometry

ald ABR testing in a group of normal ears and ears with hearing loss.

T 1e main aim of this study was to determine whether thresholds obtained with dichotic
IVf ASSEP can translate into an accurate description of hearing acuity when compared

tc pure tone thresholds and ABR threshold estimates in normal ears and ears with

© University of Pretoria
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The following sub-aims were formulated in order to realize the main aim of the study:

4.2.2 Sub aims

¢ To detemmine the comparative effectiveness of Mf ASSEP and the ABR protocols to
estimate pure tone thresholds at 0.5,1,2 and 4 kHz in nomal ears.

e To determine the comparative effectiveness of dichotic Mf ASSEP and ABR
protocols in predicting pure tone thresholds at 0.5,1,2 and 4 kHz in impaired ears
controlled for type, degree and configuration of hearing loss.

e To determine the time efficiency of dichotic Mf ASSEP compared to 0.5 kHz tone
burst ABR and click-evoked ABR in obtaining pure tone threshold estimates at 0.5 —-

4 kHz.

4.3 RESEARCH DESIGN

A comparative experimental research design (Leedy, 1997) was selected for this study.
According to Leedy (1997), three basic components need to be addressed in any
experimental design. They are the dependent or measured variable, the experimental
setting and the independent or manipulated variable. This study investigated the
usefulness of the dichotic Mf ASSEP technique in the estimation of hearing compared to

an ABR protocol.

The manipulated variable for this study was the three test procedures utilized to
estimate hearing thresholds. The measured variable was the threshold estimations and
the time requirement for each procedure. The pure tone hearing thresholds served as
the gold standard or reference of hearing against which the threshold estimations using
dichotic Mf ASSEP and ABR were compared. A single experimental setting was,

therefore, selected to ensure representative data, comparable between independent
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variables. The experimental setting was a controlled environment to provide a stable
context for investigating the effects of the independent variable (Leedy, 1997).
Controlled variables were applied to the experimental setting. Controlled variables are
factors controlled by the researcher to cancel out or neutralize any effect they may
otherwise have on the observed phenomenon. In this study they included aspects such

as the age and hearing ability of the subjects.

More specifically the variables of this study are as follows.

Manipulated or independent variables:

» Conventional pure tone audiometry

» Dichotic Multiple frequency Steady State Evoked Potential technique

* An Auditory Brainstem Response with tone burst at 0.5 kHz and click protocol

Measured or dependent variables:

Pure tone threshold measurements at 0.5, 1, 2 and 4 kHz

Mf ASSEP threshold estimations at 0.5, 1, 2 and 4 kHz

* ABR threshold estimations at 0.5 kHz for tone burst stimuli and between 1 - 4 kHz
(Hall, 1992; Hood, 1998; Gorga, 1999) for click stimuli

e Test time for Mf ASSEP procedure

e Test time for ABR protocol

* Repeated Mf ASSEP threshold measurements for ten normal and four ears with
hearing loss

Controlled variables:

o Age

e Gender - an equal gender distribution is proposed

e Hearing ability
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procedure needing clinical validation, in comparison to the extensive literature on ABR

reliability substantiated over the last three decades (Hall, 1992).

The analysis of data consisted of a comparison of pure tone prediction capabilities of the

dichotic Mf ASSEP procedure and the ABR protocol by evaluating two indicators:

1) The difference between the PT threshold estimations for each procedure

2) The statistical non-parametric Spearman correlation between corresponding
variables. The required test time to complete the dichotic Mf ASSEP procedure and

the ABR was analyzed to compare the time-efficiency of the various techniques.

44 SUBJECTS

Fifty-five subjects participated in the study. Twenty-eight subjects (56 ears), aged
between 17 and 38 years, had normal hearing ability and were recruited from the
student body and personnel at the university where the study was conducted. Subjects
included 16 males and 12 females. Twenty-five subjects (50 ears) exhibited hearing
impairment across the mild to profound range (Goodman, 1965) and configuration (at
low, mid and high frequency) of hearing loss (Roeser et al., 2000a) énd were between

12 and 21 years of age.

4.4.1 Criteria for the selection of the subjects

Subjects were selected according to the following criteria:
4.4.1.1 Hearing ability
Subjects in the normative group were required to have hearing thresholds equal to or

less than 25dB HL across the test frequencies of 0.5, 1, 2, and 4 kHz. Although 0dB HL
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is considered as ‘perfect’ hearing (Roeser, Buckley & Stickney, 2000a) thresholds

between 0-25 dB HL are considered within normal limits for adults (Goodman, 1965).

In the hearing impaired group, an attempt was made to accommodate a variety of
degrees of hearing loss with a sensory origin. Subjects had to present with a hearing
profile within the range of severity as stipulated by Northern & Downs (1991) of mild (26-
40 dB), moderate (41-55 dB), moderate-severe (56-70 dB), severe (71-90 dB) or
profound (91+dB). Within the degree specification, subjects had to present with a
variety of configurations of hearing loss adopted from Roeser et al. (2000a). They are:
flat configuration, gradual slope, ski slope, low frequency, notch and high

frequency configuration.

4.4.1.2 Normal middle ear functioning

Any conduction problems caused by middle ear pathology influence the accuracy of the
pure tone thresholds, the amplitude of the steady state Responses and the wave latency
and morphology of ABR recordings (Hall, 1992; Hood, 1995). Normal middle ear
functioning was determined with the otoscope and by obtaining tympanograms. Norms

are presented in Section 4.4.2.3 later in this Chapter.

4.4.1.3 Subject age and gender

Teenagers and adults, who would be able to perform reliably in pure tone audiometry,
were selected and paired for gender as a reference point of the current study. Their age
ranges would not affect the electrophysiological test protocols adversely as studies have
shown no significant age effects on the auditory brainstem response for subjects
between the ages of 10 and 60 years (Hood, 1998). Although the same vast amount of
data are unavailable for the dichotic Mf ASSEP technique, the following assumption was
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made: because the dichotic Mf ASSEP at the modulation rates of the current study have
the same characteristics as a short latency response like the ABR, the same general
age and gender criteria may be upheld. Subjects were therefore selected to fall within
this range. The normative subjects ranged between 17 and 38 years of age, whilst the
hearing impaired subjects ranged between 12 and 21 years of age. In the selection of
subjects an attempt was made to acquire an even gender distribution across both
subject groups to ensure a representative sample. Although small differences occur for
brainstem responses in males and females, the clinical importance of this fact is

generally minimal because of the substantial normal variability (Hall, 1992).

4.4.2 Subject selection procedures

Non-probability quota sampling (Neuman, 1997) was used in selecting research
subjects. According to Neuman (1997), this entails selection within predetermined
groups. Availability in terms of time constraints was also considered. The procedure
followed in the selection of subjects entailed informed consent by a subject and/or his
guardian (Appendix A) following clearance with the University of Pretoria Research
Ethics committee, the use of biographical information, and otoscopic examination of the

external meatus, tympanometry and pure tone audiometry.

4.4.2.1 Biographical detail
Subjects with normal hearing were selected on the basis of their age, gender and
subjective perception of hearing acuity. Their availability to participate in the study was

aiso taken into account.
Subjects with hearing impairment were selected based on their age (between 12-21

years of age), degree of hearing loss (mild to profound), type of hearing loss
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(sensorineural), audiogram configuration (low, high and mid frequency loss) and
educational placement. The hearing impaired subjects were all attending a school for the
Hard of Hearing where a natural auditory-oral approach is followed. The educational
setting was important for two reasons. Firstly, it ensured that the subjects’ exposure to
sound was equal. Secondly, the subjects’ hearing levels (aided and unaided) are
regularly monitored to identify any conduction pathology and progressive hearing losses.
The fact that appropriate amplification is emphasized in the school setting ensured that

the subjects were utilizing their residual hearing optimally.

4.4.2.2 Otoscopic examination

An otoscopic examination was performed on each subject in both ears to determine if
any obstruction was visible which could affect the conduction of sound in the outer ear
(Ballachanda, 1995; Stach, 1998). The condition of the tympanic membrane and
external meatus was also inspected for inflammation, perforation or any other visible
abnormalities. If a light reflex is observed, it is often indicative of a healthy tympanic
membrane (Hall & Chandler, 1994; Ballachanda, 1995). This procedure lasted

approximately 3 minutes.

4.4.2.3 Tympanometry

Middle ear functioning was measured using tympanometry in order to ensure subjects
had no middle ear involvement that could influence results (Hall & Chandler, 1994).
Therefore values for each ear included in the study had to fall within the normal ranges

of a Type A tympanogram (tabulated below).
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Table 4.1 Tympanometry norms for the current study

Ear canal volume 05-15cc

Compliance 0.3-16¢cc

Source: Stach (1998)
Both ears were evaluated, and the duration for each subject was approximately five

minutes.

4.4.2.4 Pure tone audiogram
The data obtained from the pure tone audiogram was used to select normal hearing
subjects by determining if their hearing were within the normal range of 0-25dB HL

across 0.5-4kHz (Roeser et al., 2000a).

Pure tone audiograms of the subjects with hearing loss were used to determine the
degree and configuration of hearing loss. Pure tone audiograms not only formed a part
of the selection criteria for subjects but also constituted one of the measured variables
for this study as a standard measure to which ASSEP and ABR results were compared.
The subjects with hearing impairment underwent pure tone audiometry to confirm
previously obtained unaided hearing thresholds. Obtaining a complete pure tone

audiogram for a subject took approximately 20 minutes.

The degree of hearing loss was calculated, based on the monaural pure tone average of
500, 1000, 2000 Hz as stipulated in guidelines by Goodman (1965). A modification,
however, was made to this pure tone average (PTA) by adding the 4000 Hz threshold in
order to ensure an accurate representation of the degree of hearing loss. This is
especially necessary with various high frequency configurations, such as a ski-slope, for
example, where the PTA based on 0.5, 1, and 2kHz could render a normal PTA when
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the hearing ability of the subject would require amplification in the high frequencies
(Goodman, 1965, De Waal, 2000). Each ear was described in terms of an arbitrary low-,
mid o~ high frequency configuration adopted from Roeser et al., (2000a) and categorized

within the categories stipulated in Section 4.4.1.1 of low frequency, notch, flat, gradual

No. of subjects

o N w0l O N 0 ©

Figu e 4.2 Age and gender distribution of subjects in the normative

group
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4.5.2 Subjects with hearing impairment — experimental group
All subjects complied with the selection criteria. A description of the subjects is tabulated

in Table 4.2 according to subject and Table 4.3 according to ears.

Table 4.2  Classification of subjects with consideration to age, gender,
degree and configuration of hearing loss
Subject Subject Degree of hearing loss - § Configuration of hearing loss
Age Gender Left Ear Right Ear Left Ear Right Ear
17.71 Female Mild Mild Flat Flat
17.24 Female Moderate Moderate Gradual slope Gradual slope
16.9 Female Moderate Moderate Flat Flat
16.73 Female Severe Severe Flat Low frequency
18.36 Female Mod severe Moderate Gradual slope Gradual slope
18.8 Male Severe Severe Low frequency Flat
18.38 Female Moderate Mild High frequency High frequency
17.52 Male Moderate Moderate Hiah frequency Ski- slope
13.09 Female Mild Normal Flat Low frequency
17.71 Female Mild Severe Low frequency Low frequency
16.26 Male Severe Severe Flat Flat
15.17 Male Severe Severe Gradual slope Gradual slope
16.84 Female Mild Mild Notch High frequency
16.68 Female Moderate-severe Moderate Ski slope Ski slope
18.12 Male Severe Severe Notch Gradual slope
14.51 Female Moderate-severe Mod-severe Gradual slope Gradual slope
15.59 Female Profound Profound Gradual slope Ski-slope
16.91 Male Severe Normal Gradual slope Flat
16.49 Female Severe Profound Up notch Flat
13.52 Male Mild Normal Ski slope Ski slope
12.82 Female Severe Profound Flat Notch
21.04 Male Profound Profound Ski-slope Flat
19.03 Female Profound Profound Flat Flat
17.57 Male Normal Profound Flat Flat
18.69 Male Profound Profound Flat Low frequency
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Distribution pattern for degree

and configuration of hearing

CLASSIFICATION
adopted from Roeser et
al (2000)

# Ears with
normal PTAs
(0-25dB)

# Ears with
mild PTAs
(26-40 dB)

# Ears with
moderate
PTAs
(41-55 dB)

# Ears with
moderate-
severe
PTAs

# Ears with
severe PTAs
(71-90 dB)

# Ears with
profound

PTAs more
than 91 dB

(56-70 dB)

Flat audiogram
No more than 20 dB 2 3 2 5 6
variation between 0.5
and 4kHz

Gradual Slope
PTTs increase 3 3 4 1
gradually as frequency
increases

Ski-slope
Flat configuration up to 1 1 2 1 2
1 kHz with >15 dB PTT
decrease in high
frequencies

Low Frequency loss
0.5-1 kHz more 1 1 3 1
impaired than 2-4 kHz

Notch
Notch shaped loss 1 2 1
(also inverse notch)
around 1-3 kHz

High Frequency
Normal PTT's up to 2 2
3kHz with a subsequent
steep slope

4.6 APPARATUS

The apparatus used to obtain answers to the research questions was as follows:

4.6.1 Subject selection apparatus

* The otoscopic examination of the external meatus and tympanic membrane was
performed with a Heine Mini 2000 otoscope.

e Tympanometric evaluation of the middle ear was performed with a GSI 33 Middle
Ear Analyser, calibrated January 2001 (Testing was performed February 2001).

e Pure tone thresholds were obtained with a GSI 60 Clinical Audiometer, calibrated
January 2001. Acoustic stimuli were presented through TDH-39 supra-aural
headphones in a double-walled soundproof booth. The subject responded with a

response button.
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4.6.2 Data collection apparatus

Pure tone thresholds were obtained with a GSI 60 Clinical Audiometer, calibrated
January 2001%. Acoustic stimuli were presented through TDH-39 supra-aural
headphones in a double-walled soundproof booth. The subject responded with a

- response button.

Dichotic Mf ASSEP and ABR recordings were obtained with the AUDIX system
(Neuronic S.A., Havana, Cuba). The equipment (Clinical Edition, 2000) consisted of a
specialized hardware component connected to a Pentium microcomputer. The system is
operated by a software package specifically designed for the acquisition and analysis of
auditory evoked responses (AER) including Mf ASSEP, and ABR to click and tone burst
stimuli. Calibration of the AUDIX system acoustic stimuli was performed in January
2001. The AEP measurements were obtained in a single walled soundproof booth using
TDH-39 supra-aural earphones to present acoustic signals whilst the subjects were lying

on a bed.

4.6.3 Data analysis apparatus

The analysis of data was performed on Excel for Windows (1998).

4.7 DATA COLLECTION PROCEDURES

Four sets of data were collected for each research participant, namely, pure tone
thresholds, Mf ASSEP threshold estimates, ABR threshold estimates and the duration of
each test procedure. Data from each subject were collected on the same day,

commencing with pure tone thresholds (as part of the selection criteria), followed by a

* Data collection was from January 2001 to April 2001
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Mf ASSEP and ABR recording. Data were collected at the Department of

Communication Pathology, University of Pretoria.

4.7.1 Preliminary study
4.7.1.1 Aim
A preliminary study was conducted on two subjects with normal hearing to determine

clinically accountable stimulus parameters and test procedures.

4.7.1.2 Procedure: Determination of stimulus parameters and recording
procedures

Four frequencies were selected to serve as comparative reference points between the

three test procedures. Test stimuli included pure tones for standard audiometry, carrier

frequencies for ASSEP and tone burst stimuli for ABR testing of 0.5, 1kHz, 2kHz, and

4kHz. They were selected to ensure that high and low frequency information centered on

the speech spectrum at comparable reference points.

Tone burst stimuli were initially selected for recording ABRs at comparable frequencies
to the Mf ASSEP and PTTs. During the preliminary study, however, it was evident that
obtaining ABR thresholds with tone burst stimuli at four frequencies in each ear was
extremely time consuming (up to 60 minutes). In addition to the time consuming nature
of the tone burst ABRs across the frequency range in both ears, the literature suggests
that most clinically employed ABR protocols did not adhere to this procedure (Hood,
1998; Amold, 2000). It was, therefore, decided to include a 0.5 kHz tone burst stimulus
for low frequency information and a broadband click stimulus for high frequency
information (Hood, 1998) as the ABR protocol. The literature indicates that click stimuli
are still the clinical procedure of choice for high frequency information because of better,
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more robust wave morphology (Gorga, 1999; Amold, 2000). Thus, to ascertain the
clinical value of the Mf ASSEP compared to the clinical value of an ABR protocol, it

follows logically to use a clinically representative ABR protocol.

4.7.1.3 Results
The test stimuli selected for this study was based on the findings of the preliminary study

for each of the procedures are presented in Table 4.4.

Table 4.4 PTTs, Mf ASSEP and ABR test stimuli

Pure tone audiometry Steady State Responses ABR using tone | ABR using click
burst

O.5kHzl1kHz |2kHz ]4|<Hz 0.5kHz l1kHz ]zkHz |4kHz 0.5kHz Broadband click

Mf ASSEP stimulus intensity for the preliminary study commenced at 70dB HL. This
initial intensity, however, proved to be uncomfortably loud for normally hearing subjects,
increasing the EEG noise in the recording. This was most probably due to muscle
artifact (Rickards, 2001). Taking this fact into consideration, testing procedures

commenced at 50 dB HL for normally hearing subjects.

4.7.2 Data collection procedures using pure tone audiometry
Pure tone air conduction thresholds were obtained for 0.5, 1, 2 and 4 kHz in each ear

during subject selection and the collection procedure.

A pure tone air conduction audiogram was obtained for each subject once normal outer
and middle ear status was confirmed with otoscopy and tympanometry. The modified
Hughson-Westlake technique (1944) (Carhart & Jerger, 1959; Hall & Mueller, 1997) was
used, and thresholds were determined descending in 10 dB and ascending in 5dB steps

until 50% accurate responses were obtained at a specific dB level.

103

© University of Pretoria



ﬂ UNIVERSITEIT VAN PRETORIA
" J UNIVERSITY OF PRETORIA
=t ¥

UNIBESITHI YA PRETORIA

4.7.3 Data collection procedures for Mf ASSEP
The second data set obtained for each ear was dichotic Mf ASSEP with procedure

duration time.

4.7.3.1 Specification of stimulus parameters for dichotic Mf ASSEP
The following stimulus parameters were used in the determination of Mf ASSEP

estimates.

4.7.3.1.1 The selection of the carrier and modulation frequencies

Multiple amplitude modulated tones with selected carrier frequencies of 0.5, 1, 2 and 4
kHz modulated between 80-110Hz at least one octave apart, were used. The four
carrier frequencies were selected to ensure representation of high and low frequency
information central to the speech spectrum and to provide comparative reference points
to pure tone thresholds and the ABR results. The carrier frequencies were 95%
amplitude modulated between 80-110Hz because this modulation rate produces a
brainstem generated response that shows resistance to sleep and sedation (Lins et al,
1995) The faster rates also exhibit fewer interactions than slower rates of 35-55 Hz

(John et al., 1998).

4.7.3.1.2 The selection of dichotic multiple stimulation

Four frequencies were simultaneously evaluated for each ear with the dichotic multiple
stimulation technique. Previous research indicated no significant difference in accuracy
between single and multiple stimulation for SSEP (Herdman, Picton & Stapells, 2001;
Lins & Picton, 1995) or monotic and dichotic stimulation for normal hearing and mild to
moderate hearing impairment (Perez-Abalo et al., 2001; Lins & Picton, 1995; John et al.,
1998).
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4.7.3.1.3 The selection of the stimulus intensity and threshold criteria

All stimulation commenced at supra-threshold level to obtain clear responses in noise.
For the normal subjects, the starting intensity was 50 dB HL using a 10dB step
descending method. For research participants with hearing impairment, starting
intensity was selected on a case specific basis, usually at 40dB above threshold
depending on the degree of hearing loss. Threshold was determined by using a
“descending in 10 dB, ascending iﬁ 5 dB” method. Threshold was taken as the intensity

level where the last response was detected, in other words the minimum response level.

4.7.3.2 Specification of recording parameters for Mf ASSEP

The Mf ASSEP recording was performed subsequent to subject selection.Electrode

placement was conducted as follows:

e Electrode discs of Ag/AgCI were fixed with electrolytic paste to the scalp at Cz
(postive), Oz (negative) and Fpz (ground). Preliminary results by Mens, Gelders, Van
Eeghem, Reijden, Snik & Wouters (2000), postulate high sensitivity with positive Cz
placements. Impedance levels were maintained below 3 000 Ohms. For binaural
stimulation and recording of Mf ASSEP a standard electrode placement is specified.
This placement is selected to provide an equal distance between the electrode
placement and both ears, which ensures symmetrical recordings.

e Stimuli were as presented via TDH-39 supra-aural headphones.

¢ Subjects were requested to lie on a bed in a sound proof booth and not to move or
blink. Sleep was encouraged and the nature of the stimuli explained.

* Because one channel is needed for dichotic Mf ASSEP testing, only this operating

channel was selected during testing.
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Stimulation was presented dichotically at supra-threshold intensity of 50 dB HL for
normally hearing subjects or at 30-50 dB sensation level for hearing impaired
subjects. Initially, The stimulus was presented without recording to adjust research
participants to the nature of the sound. |

The bio-electric activity was amplified with a gain of 100 000 and analogue filtered
between 30 and 300 Hz. The amplitude of the Mf ASSEP is relatively small, requiring
substantial amplification. The response of the amplitude modulated tones expected
between 80-110Hz falls within the specified band pass.

The notch filter was activated at 50Hz to avoid line interference.

No less than 10 and no more than 40 epochs of 8 192 samples (digitized with a
sampling period of 1.37 ms) each, were averaged in a response.

A Fast Fourier Transform (FFT) was calculated ‘online’ for each long epoch, thereby
averaging the response spectra continuously.

The presence of a response was determined by using the F-test for hidden
periodicity in order to test the amplitude of the spectrum at each modulation
frequency against the 120 adjacent bins for significant amplitude difference.

Artifact rejection was performed with shorter epoch sections of 512 points.

Amplitude is used as the criteria for rejection. A rejection level of 50 micro Volts was
specified to reject any responses with amplitudes greater than the specified value.
No response was annotated after 40 epochs while the minimum response level for
each frequency in each ear was taken as the threshold. The software recorded the

test data, and the time of recording (exclusing subject preparation).

A summary of the montage and amplifier parameters is tabulated in Table 4.5.
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Table 4.5 Montage and amplifier parameters

T
Channel Active I Reference [  Ground Gain || LowCut High Cut Notch l
1 cz_ L Pz || Fpr 100000 | 30 300 “ ON {

Hearing level is the standard setting for the stimulus. The recording, however, is also
viewed in hearing level as a choice between nHL and SPL, to ensure comparability
between the results obtained using ABR and pure tone audiometry.

No difference was measured between nHL and HL in the sound proof testing
condition at the four frequencies of the Mf ASSEP. The recordings were, therefore,
transcribed in HL with the assumption that the nHL level did not differ for either

evoked potential measurement.

4.7.4 Data collection procedures for ABR

The specifications for the stimulus parameters and recording procedure for the tone

burst and click ABR are described below.

4.7.4.1 Specifications for click-evoked ABR

4.7.4.1.1 Montage and amplifier selection

ABR recordings were performed directly following the Mf ASSEP recording.
Electrode discs of Ag / AgCl were fixed with electrolytic paste to the scalp at Cz,
mastoid ipsilateral (Mip), and mastoid contralateral (Mc). Mip and Mc were alternated
as reference and ground depending on the test ear, as it was a single channel
recording.

Impedance was kept below 3 000 Ohms

Supra-aural TDH-39 earphones were placed on the ears of the subjects

Subjects were requested to lie on a bed in a sound proof booth and were requested

not to move or blink. Sleep was encouraged and the nature of the stimuli explained.
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e Stimulation was presented monotically at supra threshold intensity of 60 dB nHL in

the left ear with normally hearing subjects. In the hearing impaired group, a supra
threshold starting intensity was attempted at 20-30 dB above threshold depending on
the degree of hearing loss. Testing commenced in the better ear and masking with
white noise was employed at 30 dB below stimulus intensity with asymmetrical
hearing loss.

The bioelectric activity was amplified with a gain of 100 000 and analogue filtered
between 10 and 3 000Hz. The neural responses evoked by click stimuli fall within
this band pass (Hood, 1998).

The notch filter was switched off because the electrical line interference does not
have a marked influence on the neural response to click stimuli (Hall, 2001, personal
communication). A summary of the montage and amplifier selection is tabulated in

Table 4.6.

Table 4.6  Montage and amplifier selection for click-evoked ABR

CHANNEL Jf ACTIVE J| REFERENCE |f GROUND [ GAIN LOW CUT HIGH CUT - I NOTCH

1 CcZ 1 Mip i Mc )| 100 000 10 3000 OFF i |

4.7.4.1.2 The selection of stimulus parameters for click-evoked ABR

The stimulus parameters are presented in Table 4.7.
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Table 4.7  Stimulus parameters for click-evoked ABR

Synchronism Internal (no external sound generators were used)

Stimulus Click

Periodic stimulus rate 21.0 Hz (to avoid repetition rates that are multiples of 50Hz that could introduce power-line

artifact into the response (Hood, 1998))

Study side Left or Right

Polarity Positive (According to Hood (1998) any polarity could be used. The AUDIX equipment
manufacturers also recommended the use of a positive (condensation) polarity

Duration of click 0.10 msec

Intensity scale dB nHL

Output Left or right

Intensity Starting 'i-ntensity normal hearing was 60 dB HL

Starting intensity hearing impairment was 20-30 dB HL at supra threshold depending on the
degree of hearing loss

Masking noise Off unless asymmetrical hearing loss with bigger than 40 dB gap between pure tone
thresholds

Intensity of masking noise | If required, 30 dB below stimulus

4.6.4.1.3 The selection of recording procedure for click-evoked ABR

A summary of the recording procedure is tabulated in Table 4.8.

Table 4.8 Recording procedure for click-evoked ABR

Maximum averages 2000 (According to Hood, 1998, 1000-2000 Sweeps is adeguate to obtain clear resgnses!

Window 0.0 - 15.0 ms (Hood, 1998; Bachman & Hall, 1998)

Delay 0O ms

Correlation Co-efficient 0.5 set as the minimum correlation

Standard deviation 2.0 set as the minimum deviation between the noise and the response

between background
noise and response

Noise rejection level 10.0 set as the maximum energy of noise

e All stimulation commenced at supra-threshold level to obtain clear responses in
noise. For the normally hearing subjects, starting intensity was at 60 dB HL using a
10dB step descending method in the left ear.

* For research participants with hearing impairment, starting intensity was selected on
a case specific basis, usually at 20-30 dB sensation level depending on the degree
of hearing loss and threshold was determine by using a “descending in 10 dB,

ascending in 5dB method”. Testing commenced in the better ear. Threshold was

109

© University of Pretoria



&

% UNIVERSITEIT VAN PRETORIA
J UNIVERSITY OF PRETORIA
A~ 4

YUNIBESITHI YA PRETORIA

taken as the intensity level where the last response was detected, in other words the

minimum response level (MRL).

4.7.4.2 Specification of stimulus parameters for tone burst ABR

4.7.4.2.1 Montage and amplifier selection

e The montage and amplifier selection is identical for the tone burst ABR and the
broadband stimuli except for the notch fiiter that was switched on at 50 Hz to
eliminate line interference. The montage and amplifier selection for tone burst ABR is

tabulated in Table 4.9.

Table 4.9 Montage and amplifier selection
CHANNEL {t ACTIVE REFERENCE I GROUND f GAIN LOW CUT |l HIGH CUT J| NOTCH
1 lfcz Mip Mc 12000 |l 10 3000 ON

4.7.4.2.2 The selection of stimulus parameters for tone burst ABR

The stimulus parameters are presented in Table 4.10.

Table 4.10 Stimulus parameters for tone burst ABR at 0.5 kHz

Synchronism Internal (no external sound generators were used)

Stimulus Tone burst

Periodic stimulus rate 21.0 Hz (to avoid repetition rates that are multiples of 50Hz that could introduce power-line

artifact into the response. (Hood, 1998)

Study side Left or Right

Frequency 0.5 kHz

Duration 6 msec

Rise/ Fall 2.00 msec (Hood, 1998)

Plateau 2 ms (Hood, 1998)

Envelope Blackman (Hood, 1998; Bachman & Hall, 1998)

Polarity Negative (According to Hood 1998, any polarity except alternating polarities)

Intensity scale dB nHL

Output Letft or right

Intensity Starting intensity normal hearing was 60 dB HL
Starting intensity hearing impairment was 20-30 dB HL at supra threshold depending on the
degree of hearing loss

Noise On—for intensities above 50 dBHL

Intensity of noise_ At 30 dB below stimulus
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4.7.4.2.3 The selection of recording parameters for tone burst ABR

The recording procedure was identical to the ABR using broadband click stimuli except

for the recording window and the notch filter. The recording procedure is summarized in

Table 4.11.

Table 4.11 Recording parameters for tone burst ABR at 0.5 kHz

Maximum averages 1500 (According to Hood, 1998, 1000-2000 sweeps is adequate to obtain clear responses)
Window 00-200ms ]
Delay 0ms

Correlation co-efficient 0.8 set as the minimum correlation

Standard Deviation of 2.5 set as the minimum deviation between the noise and the response

response

Noise rejection level 10.0 set as the maximum energy of noise

4.8

All stimulation commenced at supra-threshold level to obtain clear responses in
noise.

For the normally hearing subjects, starting intensity was 60 dB HL using a “10dB
step descending method” in the left ear.

For the research participants with hearing impairment, starting intensity was selected
on a case specific basis, usually at 20-30 dB sensation level depending on the
degree of hearing loss and threshold was determine in a “descending in 10 dB,
ascending in 5dB” method. Testing commenced in the better ear. Threshold was
taken as the intensity level at which the last response was detected, in other words

the MRL.

DATA PREPARATION PROCEDURES
The interpretation of ABR waveforms, to establish minimum response level and thus
threshold, was performed after data recording for research participants. The criterion
for threshold detection was taken from Wilson (2000). Interpretation of threshold was

conducted by a panel consisting of three clinicians, familiar with the interpretation of
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ABR waveforms using click and tone burst stimuli. A blind study was conducted to
ensure no interpreter bias and an agreement of two out of three served as
consensus. The results are contained in Appendix B. Having reached agreement of
threshold, these values were recorded in a Microsoft Excel (1998) worksheet format
along with the PTTs and Mf ASSEP data.

In order to compare the PTTs, Mf ASSEP and ABR data, consistent arbitrary
measure of hearing for all procedures was necessary. Decibel Hearing Level (dB HL)
was selected with the reference of zero dB HL as the Ioweét intensity where normally
hearing subjects respond at different frequencies (Stach, 1998). The ABR stimuli
were calibrated in nHL for a group of normally hearing listeners within the specific
setting (Hall & Mueller, 1997). As already stated, there was no difference between
the HL and nHL measurements as specified by ANSI (S3.6-1996) probably because
of the sound proof testing conditions. The tone burst data and pure tone data are,
therefore, comparable without further calculations. Similar findings were evident
between click ABR and pure tones in the 1,2,and 4 kHz frequency range as specified
by ANSI (83.6-1996). Thresholds are compared in dB HL because there was no
significant difference between dB nHL intensity scale for ABR stimuli and the dB HL
scale of the PTTs and Mf ASSEP stimuli.

The recording time of each test protocol was documented. The software
automatically recorded the recording time for Mf ASSEP testing as well as ABR click
and tone burst. The ABR time, however, included two recordings, for click and tone
burst stimuli respectively. These two times were summed and recorded in minutes,
alongside the pure tone time and the Mf ASSEP recording time. No subject

preparation time was taken into account in the time documentation.
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49 DATA ANALYSIS

Tle prepared Microsoft Excel (1998) work sheets were subjected to statistical
p -ocedures. Parametric procedures using descriptive statistics (central tendencies and
Cllrrelation) were used on the complete data set while non-parametric statistical
piocedures (Spearman Rank order correlation) were performed on the threshold data of
t~e hearing impaired group as a whole as well as on the degree and configuration

c'ltegories.

4,10 DATA PROCESSING
T le means and standard deviations, the mean differences and their standard deviations,
t~e normal distributions as well as the non-parametric correlation was tabulated or

glaphically displayed in figures.

411 SUMMARY OF CHAPTER FOUR

Tile chapter has provided a detailed description of the research method employed in the
stJdy. An outline of the main aim and sub-aims of the study was followed by the
eJ.perimental design, selection criteria and description of subjects. After a description of
tho subjects, the apparatus for the subject selection, data collection and data analysis
w ~re introduced, followed by the procedures employed to collect data using the three
sr ecified audiometric techniques. Chapter 4 concluded with the data preparation,

arlalysis and processing methods that were employed to clarify findings.
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CHAPTER FIVE
RESULTS OF THE STUDY

Aim of Chapter
fhe results obtained from the study will be presented within the perspective of

diagnostic audiolo ical proce Ores.

T le purpose of all diagnostic procedures is aptly summarized by Roeser and colleagues
w hen they state that: "All diagnostic procedures, whether for the auditory system or any
o her system, are designed to identify the presence of a disorder as early as possible.
V'hen indicated, diagnostic procedures can also help to identify the cause or the nature
o' the disorder. The value of a diagnostic test depends on the ability to perform as

ir tended" (Roeser, Valente & Hosford-Dunn, 2000b:12)

Ir this chapter, results from the experimental comparison of three diagnostic procedures,

it e pure tone test, the Mf ASSEP and the ABR will be presented in relation to the aims

f(rmulated for the study. Within the context of diagnostic audiometric procedures, the

IT ain of the aim of the study was to determine whether thresholds obtained with dichotic

Vf ASSEP can translate into an accurate description of hearing acuity when compared

t(. pure tone thresholds and ABR threshold estimates in normal and impaired ears. To

nlalize the main aim, the following sub-aims were formulated:

* To determine the comparative effectiveness of Mf ASSEP and the ABR protocols to
estimate pure tone thresholds at 0.5,1,2 and 4 kHz in normal ears.

* To determine the comparative effectiveness of dichotic Mf ASSEP and ABR
protocols in predicting pure tone thresholds at 0.5,1.2. and 4 kHz in impaired ears

controlled for type, degree and configuration of hearing loss.
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* To determine the time efficiency of dichotic Mf ASSEP compared to an ABR protocol
(0.5 kHz tone burst and click) in obtaining pure tone threshold estimates at 0.5 —

4 kHz.

Data obtained from the normally hearing ears are discussed first and will serve as a
departure point for the results obtained from the ears with impaired hearing. The latter
will be presented in a hierarchical order: the statistical procedures (e.g. central
tendencies, standard deviations, correlations, demographic factors, degree and
configuration effects) of the whole group will be discussed, followed by data obtained in
the stipulated degree and configuration categories of the study. The section will
conclude with specific case studies to indicate where accurate and inaccurate thresholds

were obtained in two of the configuration categories®.

5.2 RESULTS OBTAINED FOR NORMAL EARS

One of the critical outcomes of any research endeavour is the achievement of
comparisons, which, according to Neuman (1997), is the key to all research. While the
importance of comparative value is stressed, research should also attempt corroboration
of similar and related findings in the literature and provide a framework for secondary

levels of comparison and corroboration based on preliminary results.

¥ Short abbreviation reminder

Mf ASSEP Multiple frequency Auditory Steady State Evoked Potential
ABR TB at 500 Hz Auditory Brainstem Response evoked with 500 Hz tone burst
ABR click Click- evoked Auditory Brainstem Response using click stimuli
FFT Fast Fourier Transform
F-test Technique for automatic response detection
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In the current study, research commenced with a preliminary study (see paragraph 4.6.1
of the method) with normally hearing subjects to determine which recording conditions in
the literature would ensure optimal data collection in the specific clinical setting of the
current study. After the determination of optimal test parameters, the three test protocols
were then performed on normally hearing ears. This endeavour sought to establish
equitable points of comparison with existing literature and corroboration of findings
where applicable. The most critical application of the data on normal ears was, however,
to provide a suitable control for the valid interpretation of data for the ears with

impairment.

The results obtained from the control group will be presented as follows: the accuracy of
the Mf ASSEP to predict pure tone thresholds when compared to an ABR test protocol
will be addressed first while the comparative time efficiency of the two
electrophysiological procedures to obtain threshold predictions will be addressed in

conjunction with the data obtained from the ears with impairment.

5.21 An assessment of the threshold prediction of MF ASSEP in normally
hearing ears
The entire study commenced with the collection of pure tone data for the normally
hearing subjects, followed by the electrophysiological procedures. The mean thresholds
for each test \protocol and the differences between test protocols will be presented. A
graphic display of the mean thresholds obtained for each test condition (pure tone
thresholds at 0.5 - 4.0 kHz, threshold estimations of Mf ASSEP at 0.5-4.0 kHz, and
estimations of the ABR protocol at 0.5 kHz tone burst and click threshold) is tabulated in

Table 5.1.
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Table 5.1 Threshold values of normally hearing ears (n 27) obtained in three
testing protocols.

Frequency | Pure tone Starderd | Mf Standard  § ABR | Giureton
(where threshold in ASSEP in
applicable) 1 dB HL indB dB

HL HL
0.5 kHz 5 +-5 ]33 +-11 §29° |+/-16
1.0 kHz 4 +/-5 134 +-11 |6’ +/-7
2.0 kHz [ 5 H +/-5 I 32 +/- 11

[40kHz |5 [+-6 |30 [+-11 |

Source: Appendix A

The results indicate that the pure tone thresholds fall within the upper range of normality
with 75% of thresholds ranging between 0 and 5 dB and 88% falling within 0-10 dB.
Click ABR MRLs occurred between 9 —23 dB. Despite its inherent limitation in predicting
frequency specific hearing estimates, it remains a highly constructive measurement in
the absence of high frequency behavioral thresholds, albeit surrounding a single energy
point at 3.0 kHz (Weber, 1994; Hood, 1998, Pratt & Sohmer, 1978; Kileny & Magathan,

1987; Hyde, 1991).

The electrophysiological procedures determining frequency specific hearing estimates
namely the Mf ASSEP MRLs (0.5 —4 kHz) and the ABR tone burst at 0.5 kHz showed an
approximately 30-dB elevation from the pure tone results. Although the Mf ASSEP were
marginally higher than the tone burst ABR threshold estimate, the larger standard
deviation evident in the ABR tone burst threshold points toward greater variability in
threshold detection evident in a range of 13 —45 dB. The Mf ASSEP occurred between

19-45 dB.

® ABR with tone burst stimuli at 0.5 kHz
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As seen in Figure 5.4, the click ABR showed the closest approximation to pure tone high
frequency levels as thresholds were estimated to within 20 dB of the pure tone at 2 and
4 kHz. The increased neural synchrony brought on by a broadband stimulus like a click

is clearly evident in the closer approximation of the click ABR to the pure tone results.

A review of the current findings within the context of related publications shows
satisfactory agreement. When compared to similar studies® conducted on normal ears
(Aoyagi et al., 1994; Lins et al., 1995, Picton et al., 1998; Perez-Abalo et al., 2001;
Herdman & Stapells, 2001) thresholds were similar and show similar results. For
instance, the range of 30-34 dB HL of the current study corresponds well with the 29dB
threshold obtained by Aoyagi et al. (1994) for 1 kHz carrier frequency, while Lins &
Picton (1995) reported an average threshold of 31 dB HL for 0.5 kHz and 25 dB HL for 2
kHz in their research. A further study by John et al. (1998) used identical four carrier
frequencies to the current study with monaural stimulation and found slightly lower

threshold values of 20,29,19 and 17 dB respectively.

5.3 RESULTS OBTAINED FOR EARS WITH HEARING LOSS —- A DESCRIPTION
OF WHOLE GROUP DATA IN TERMS OF ACCURACY AND TIME
EFFICIENCY

5.3.1 Assessment of Mf ASSEP and ABR in predicting pure tone thresholds

5.3.1.1 Mean values

Even though it was attempted to select equal numbers of subjects across the

parameters of the study, whole group analysis determined that the most represented

degree of hearing loss was moderate-severe, with a gradual slope in configuration. The

¥ The literature that is reviewed in this section only considers studies that employed a multiple (not the monaural) stimulus
technique.
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Table 5.2 Average intensities of threshold points in the three test conditions.

Frequency Pure tone Standard } Mf Standard | ABR Standard
threshold deviation || ASSEP | deviation deviation

0.5 kHz 54 +/- 32 66 +/- 23 67 +/- 22

1.0 kHz 63 +/- 32 74 +/- 24 73 +/-23

2.0 kHz 70 +/- 30 78 +/- 24

4.0 kHz 69 +/- 29 77 +/- 24

Figure 5.5 and Table 5.2 indicate that there is no difference between ABR TB at 0.5 kHz
and the Mf ASSEP at 0.5 kHz threshold estimations. The ABR click showed closer
approximation to the pure tone thresholds in the high frequency regions, however, with a
sacrifice of frequency specificity because of the transient nature of the click signal.
Standard deviations ranged between 22 and 32 at each threshold point in the study,

which is, as Picton et al. (1998) state, acceptable but not ideal.

Differences in threshold between the three test conditions are presented in Table 5.3 as
far as frequency specific comparisons could be drawn. The ABR click data are,

therefore, eliminated from this discussion.

Table 5.3 Difference in threshold at comparative frequency points
Difference in threshold at comparative frequency points
Pure tone threshold and Mf Pure tone threshold and ABR Mf ASSEP and ABR TB
ASSEP at 0.54.0 kHz TB at 0.5 kHz threshold at 0.5 kHz
0.5 14 24 9
1.0 18
2.0 15
4.0 14

The smallest difference, based on the data for the whole group, was evident when the
two electrophysiological test procedures were compared (9 dB). While this comparison

may not be the most obvious, it indicates that within frequency specific procedures within

® The ABR protocol is tabulated as the value obtained with tone burst at 0.5 kHz and the click information is
presented in the 1.0-4.0 kHz cell.
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the electrophysiological domain, variation exists, even though both are short latency
responses. The 14 — 18 dB difference between behavioral threshold and Mf ASSEP
thresholds is somewhat higher than reported in the studies conducted by Lins et al.
(1996), but still significantly smaller than the tone burst ABR and pure tone difference of

24 dB HL.

5.3.1.2  Correlation
Spearman correlation was executed on the three test protocols and the results are

tabulated in Tables 5.4 - 5.8.

Table 5.4 Correlation between pure tone thresholds and Mf ASSEP MRLs at

four frequency points.

Frequency Spearman p-level |l Significance
0.5 kHz .8803 <0.01 Significant
1.0 kHz .8425 <0.01 Significant
2.0 kHz .9103 <0.01 Significant
4.0 kHz .8612 < 0.01 Signiﬁcant

Encouraging correlations of above 80% were evident between pure tones and MF
ASSEP across the frequency range of the study, indicating that for the impaired group
as a whole the Mf ASSEP in the multiple stimuli condition correlates significantly with the
pure tone gold standard. This indicates (at a micro level) that, irrespective of the location
of the place of perception on the basilar membrane and (at a macro level) therefore,
irrespective of the frequency spectrum of our measurement techniques, the Mf ASSEP
approximates the specific frequency accurately and without interference from
surrounding frequency points. The highest correlation of 90% was observed at 2 kHz,
and it may be related to the fact that most of the hearing loss configurations showed a
loss in hearing sensitivity at 2 kHz. The largest representation of hearing loss in the

experimental group was, furthermore, the moderate severe gradual slope. The 2 kHz
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point would be affected with a gradual slope and the moderate severe category (50-70
dB) would indicate that intensity on the higher side of the spectrum does not influence

the accuracy of correlation based on the results obtained from 50 ears.

Table 5.5 Correlation between pure tone thresholds and ABR TB MRLs at

0.5kHz
Frequency Spearman p-level Significance
0.5 kHz .7695 <0.01 Significant
1.0 kHz .6891 < 0.01 Significant
2.0 kHz .5231 .0015 Not signiﬂcant
4.0 kHz .3414 .0558 Not significant

The highest correlation was evident at 0.5 kHz, yet the ABR TB protocol employed in the
study showed further significant correlation at 1.0 kHz. This indicates that the tone burst
is not as frequency specific as the Mf ASSEP and that interference across the frequency
spectrum is evident. While the results will be discussed in detail in the concluding
sections of the chapter, two influences should be mentioned here. The first relates to the

software and latter to the impaired ear itself.

The tone burst protocol (Table 4.10 of Research Method) included Blackman ramping
and masking of the non-test ear, but notched noise was not available on the equipment
at the time of testing. Oates & Stapeils (1998) and Gorga (1999) have proved that the
introduction of notched noise in the tone burst set-up assists in the elimination of energy
spreading to nearby frequencies. This may have influenced the spread of the energy at

0.5 kHz to the adjacent frequency.

Another influence may be the presence of abnormal tuning curves in the cochlea,
caused by impairment. Picton et al. (1998) found that the presence of abnormal tuning

curves in the cochlea causes the impaired system to have place and frequency
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specificity comparisons for lower and higher intensity stimuli. The higher frequencies are
not as affected. The low frequencies, however, may be mediated by higher frequency
regions on the basilar membrane (sound has to travel via the high frequency region to
the low frequency region) and, without strenuous manipulation of the collection
parameters, may influence the spread of energy on the basilar membrane. Combined
with the absence of notched noise in the software, this may offer an explanation for the

correlation of the 0.5 kHz data with other frequencies.

Table 5.6 Correlation between pure tone thresholds and ABR click

Frequency Spearman p-level Significance
0.5 kHz 5757 < 0.01 Significant
1.0 kHz 6114 < 0.01 Significant
2.0 kHz .7009 < 0,01 Significant
4.0 kHz .6550 <0.01 Significant

Significant correlation was evident at all frequencies when compared to the click ABR.
Very little frequency specific information may thus be derived from the click stimulus.
While the use of a headphone transducer certainly ensures that the highest correlation
was present at the 2 and 4 kHz points, the other frequency correlation clearly cautions
against the use of click ABR as the only technique in predicting hearing sensitivity in

difficult-to-test populations.

Table 5.7 Correlation between electrophysiological thresholds with Mf ASSEP

0.5 — 4.0 kHz) and ABR tone burst stimuli at 0.5kHz

Frequency Spearman p-level Significance

0.5 kHz .7695 < 0.01 Significant

1.0 kHz .6891 <0.01 Significant

2.0 kHz .5231 .0015 Not significant

4.0 kHz .2889 .1612 Not significant
126
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Significant correlation was observed at the lower frequencies yet the data point at 2 kHz
also showed correlation. The introduction of notched noise is, therefore, a valid
consideration to determine whether the spread could be contained to one frequency.
This pattern is similar to the one observed in the correlation between the pure tones and

tone burst ABR at 500Hz.

Table 5.8 Correlation between electrophysiological thresholds with Mf ASSEP

(0.5-4.0 kHz) and ABR click stimuli

Frequency Spearman p-level Significance

0.5 kHz 4392 .0040
1.0 kHz .5896 .0000 Significant

2.0 kHz .5824 .0003 Significant

4.0 kHz .6239 .0001 Significant

Mf ASSEP showed the poorest comparative correlation with click ABR yet all four
calculations were significant. The presence of a ‘transducer effect’ was limited although

it seems that the 1-4 kHz region showed better correlation than 500Hz.

5.3.1.3 Age and gender effects on whole group data

The gender and age data are presented in Appendix B. Gender effects were evident in
behavioral thresholds at 1.2 and 4 kHz and with ABR using click (p<0.01) Age effects
were not present in any of the testing conditions. The range of ages included in the

impaired group was 12- 21 years of age, limiting the age variation.
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5.4 ESTIMATION OF TIME EFFICIENCY — CONTROL AND EXPERIMENTAL

GROUP

Roeser et al. highlight a salient and contentious issue when they state...”Because of
time and reimbursement constraints, that which is ideal may not be what is real. The
question arises as to which tests are preferred in clinical practice; the answer has to do
with efficiency.” (2000b:14). The time consideration was, therefore, one of the critical
areas of examination to determine how the electrophysiological test protocols perform in
terms of time efficiency. Especially in the difficult-to-test populations, the time variable
becomes critical and influences the selection and ordering of test procedures
dramatically. While the current study did not deal with uncooperative research
participants, the time for each procedure was calculated to determine the range of
duration. The value of this calculation resides in the amount of time it requires to obtain
the maximum amount of diagnostically applicable information between three test
procedures. Within the control group:

e The average pure tone audiogram (otoscopy, immittance air and/or bone

conduction)'? in the normal group took 17 minutes
e The Mf ASSEP procedure ranged from 12-52 minutes

¢ The ABR click and tone burst protocol ranged from 14-54 minutes.

There was little difference between the two electrophysiological procedures; however,
the amount of information gleaned from each procedure shows significant differences.
The Mf ASSEP entails a 4-frequency audiogram estimate in each ear, and the data
analysis occurred on line (i.e. automatic response detection). The ABR showed one

frequency point and one high frequency estimate in each ear, and in the amount of time

10 . . .
Bone conduction thresholds were obtained when there was more than a 20dapa pressure measurement during
immittance to rule our any even minimal active middle ear involvement.
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required for data analysis, three-rater comparisons are not considered. From a time
efficiency viewpoint, the Mf ASSEP shows dramatic advantages over time ABR protocol.
The time efficiency is again addressed in the impaired ears to assess the influence of

impairment on the duration of the protocols.

In the experimental group:
e The average pure tone audiogram in the experimental group took 20 minutes
e The average Mf ASSEP procedure took 28 minutes (SD 11)

o The average ABR click and tone burst protocol took 24 minutes (SD 9).

The subjects were co-operative and well acquainted with the testing procedure. Co-
operation was optimal and all pure tone results can be deemed reliable. No aided

thresholds were obtained.

Although the ABR protocol took marginally less time to complete, it only provided a
threshold estimate at one frequency, with an additional high frequency point based on
the transducer used. In order to achieve the same results as with the Mf ASSEP
technique, the time it took to obtain a threshold using tone burst at 500 Hz should be
quadrupled for four comparative frequency points, and then doubled to obtain thresholds
in both ears. The waveform analysis for the ABR test was also not included in the

calculation.

Time efficiency remains a contentious issue in clinical practice. Evoked potential testing

is particularly plagued by the void between excellent correlations in research papers and

1 N " N ..
! Subject preparation and electrode pl 1t were not i d in the time lation. The time was ded for the physical g of thresholds once
the subjects were prepared, imp 108 checked and the test environment stabilized.
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the challenge of diagnosing actual patients with potential hearing loss using these
methods. It is encouraging to see that Mf ASSEP could elicit the same amount of
information with reasonable accuracy in approximately 10 minutes longer than it took to

complete a behavioral pure tone audiogram.

Although this is an important comparison, it defeats, in one sense, the purpose of an
evoked potential test procedure, which is the substitution of unreliable or incomplete
behavioral thresholds for whatever reason. The comparison between the two
electrophysiological test batteries is, therefore, more weighted, as they would be on a
level playing field when options exist in difficult-to-test populations. Mf ASSEP proved to
be the most time efficient in providing eight frequency specific threshold estimates, with
the additional benefit of double objectivity (i.e. the patient is not required to respond and
the tester is not required to analyze data to determine the nearest to threshold
recognizable response) when compared to the ABR protocol. Even though the ABR
procedures took four minutes less in to complete in comparison, the actual analyses of
waveforms were not included. The ABR protocol was also limited in its provision of

frequency specific threshold estimates across the frequency range.

The time efficiency parameters concluded the whole group description of the data.
Additional to the accuracy considerations, the preceding description of the normal and
whole group data afforded a macroscopic view of the entire empirical component of the
study. The next section will provide a mesoscopic view within the impaired group, as the

manipulations in the degree and configuration of hearing loss will be discussed.
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Mean values of the hearing impaired group according to degree

across the frequency range

LASSIFICA

ION BY

IEGREE

lormal 14 15 14 29 40 43 40 58 50 50
lild 24 31 39 45 49 50 59 56 58 43
loderate 39 42 57 58 54 69 70 71 61 68
loderate- 34 51 75 74 43 78 85 88 57 84
evere

evere 73 84 86 85 100 90 110 90 84 85
rofound 81 94 103 111 100 110 90 110 95 94
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From Table 5.9, it is clear that the general tendency is towards a gradual increase in
threshold as the categories progress. It is interesting to note that in the moderate-severe
category, the data points at 0.5 kHz fall below the moderate category in all testing
conditions (i.e. have better threshold in the “worse” category). Three explanations can be
provided. This could firstly be attributed to the incomplete elimination of the influence of
the configuration in the classification of hearing loss. Secondly, in the calculation of the
pure tone average, which was employed to determine the degree categories, a
modification was made to include 4 kHz. This modification furthermore influenced the
mean values. Thirdly, the unequal distribution of subjects across the severity categories
also contributed to the discrepancy evident between the moderate and moderate severe

categories.

The degree categories containing the mean values do not, however, illuminate the exact
nature of the correlation between the three test protocols in a satisfactory manner. A
closer inspection of this relationship may be obtained by the calculation of the difference
in threshold between the various test conditions at comparative points. The differences

are tabulated in Table 5.10.

Table 5.10  Difference in minimum response levels in three test protocols

Difference in threshold measured in dB HL

Degree of hearing loss (Northern & Downs, 1991)

Pure tone and | Mild (26-40 dB | Moderate (41- | Moderate — Severe (71-90 | Profound (91+
Mf ASSEP 55 dB) Severe (56-70 | dB) dB)

dB)
0.5 kHz 25 15 9 27 19
1.0 kHz 21 27 27 6 16
2.0 kHz 20 13 10 24 -13
4.0 kHz 11 13 14 5 1
Pure tone and ABR 34 22 23 11 14
with tone burst at
0.5 kHz
P ¢ t 2kH. -
and ABR aick 4 " ° ! °
Pure tone at 4 kHz -2 10 10 0 -17
and ABR c_llck
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As expected, the broadband click enabled the closest approximation to pure tones in the
higher frequency regions. The nature of the click stimuli and the frequency shaping by
the air conduction transducers, such as head phones, cause relatively flat amplitude
spectra and flat frequency responses respectively (Gorga, Kaminski, Beauchaine &
Bergman, 1993). While the advantages of increased neural synchrony (and thus clearer
wave morphology and larger amplitude) decreases the threshold of audibility, especially
in the mid frequency region (1-4 kHz), the threshold of audibility becomes progressively
poorer for higher and lower frequencies, producing a response that limits independent

frequency information (Gorga et al., 1993).

The Mf ASSEP results provide overall accuracy in predicting pure tones, with poorer
correlation than click ABR, yet with the continued maintenance of frequency specificity.
Compared to the alternative in frequency specific hearing prediction of tone burst ABR,
better correlation to pure tones was evident. Mf ASSEP thresholds were on average 20
dB poorer than the pure tone thresholds, with the difference decreasing at 4 kHz. The Mf
ASSEP results can therefore be implemented as a core definitive procedure in the
categorization of mild hearing loss across frequencies. This finding is in keeping with the
data collected by Lins & Picton (1995), Lins et al. (1996) and John et al. (1998) using a

multiple technique.

The poorest correlation was evident between the pure tone resuits at 0.5 kHz and the
tone burst ABR. A minimal response was evident at 60 dB HL, but when the correction
factor (30 dB) (Hall & Mueller, 1997) is introduced, threshold is estimated at within 5 dB
of the pure tone. The poorer wave morphology, longer latencies and smaller amplitudes
when compared to the click ABR (Hall, 1992; Hood, 1998) are however current and

ongoing clinical concerns.
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hearing loss accurately. These tendencies were examined statistically. The findings are

tabulated in Table 5.11.

Table 5.11 Effect of degree on SS test accuracy
Test Pure tone threshold Mf ASSEP MRL ABR ABR
procedure tone Click
burst

Frequency 0.5kHz |} 1.0kHz |} 20kHz }} 4.0 kHz |} 0.5 kHz 1.0 kHz 2.0 kHz 4.0 kHz 05kHz § 14
in kHz
P level .0000 .0000 .0000 .001 .0011 .0001 .0002 .0362 .0032 .0030
Significance Significant |{ Significant || Significant Significant |f Significant Significant Significant Reaches Significant Significant
{p<0.01) signigganco at

p<0.

The data indicate that both evoked potential protocols have a high sensitivity to
variations in severity of hearing loss. Therefore, hearing acuity may be accurately
portrayed across the degree spectrum from normal and mild to profound hearing loss.
The Mf ASSEP at 4.0 kHz obtained slightly less significance.

56 RESULTS OBTAINED IN THE EXPERIMENTAL GROUP USING

CONFIGURATION OF HEARING LOSS AS PRIMARY PARAMETER

Adhering to the general protocol in diagnostic audiometry, which describes the degree of
hearing loss followed by the ear involved, the next introduction is usually a descriptive
term to indicate the configuration of the hearing loss (Roeser at al., 2000a). As was the
case for degree of hearing loss, three methods of display will be employed. The mean
data of each configuration category will be presented, followed by the differences in
minimal response levels. The effect of the configuration will then be illustrated, followed

by graphic displays of the categories in audiogram format.

139

© University of Pretoria




YNFIGU-
\TION

[

(1]3t

fG-adual
_)e

|
!

[

|

[

[H'gh
I£!

© University of Pretoria



Difference in threshold measured i

n dB HL

Configuration of hearing loss (from Roeser et al., 2000a)

Pure tcne and | Flat Gradual Ski slope High Notch Low
MfASSEP sloDe freauency freauency
0.5 kHz 26 12 25 15 -20 -35
1.0 kHz 19 34 28 22 -30 -24
2.0 kHz 24 12 15 12 0 -5
4.0 kHz 18 17 28 2 25 -10
Pure tone and ABR 32 26 38 35 25 -5
with tone burst at

0.5 kHz

Pure tone at 2kHz 10 12 26 15 5 0
and_ABR_click

Pure tone at 4 kHz 7 14 -15 3 0 10
and_ABR_click
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blue) with 16% of the results being within 20 dB of the pure tone at 4.0 kHz. 50% of the
results were within 10 dB (indicated in green) of the pure tone at 2.0 kHz, but 66 % of
the ABR were within 10 dB at 4.0 kHz. One instance (16%) of underestimation occurred

with click ABR at 4.0 kHz in the ski-slope category.

Despite the large quantity of underestimation evident in two categories, there was no
significant effect of configuration with statistical analyses on the accuracy of Mf ASSEP
as a result of the small sample of subjects in the underestimated categories. The p-

levels are displayed in Table 5.14.

Table 5. 14 Effect of configuration

TEST PURE TONE THRESHOLD MINIMUM RESPONSE LEVELS MF ABR ABR
PROCEDURE ASSEP TONE CLICK
BURST
Frequency in 0.5 1.0 2.0 4.0 0.5 1.0 2.0 4.0 0.5 14
kHz
P level .0984 .0980 4800 .1581 .0632 .1056 2315 .0318 2752 .7800
Sanfiantat - FX - IX X X [x X X [X [x [X

The effect analysis determined that, irrespective of the degree of hearing loss, Mf
ASSEP could predict the severity of the hearing loss. As each of the degree categories
was separated and the minimum response levels correlated to the pure tone audiogram,
a similar procedure was followed with the configuration categories, particularly in the
light of the discrepancies in two of the categories. The results are presented in Figure

5.11.
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kHz sharply increasing to 70 and 87 dB in the pure tones and 50 and 56 at 0.5 and 1.0

kHz and 68 and 99 dB at 2 and 4 kHz with Mf ASSEP.

The transient nature of the click stimulus of the ABR did not articulate into minimum
response levels that accommodated the configuration, possibly reacting to the better
hearing at 1.0 kHz while being insensitive to the 4 kHz decrease in sensitivity evident in
the pure tones and Mf ASSEP results. This caused a significant underestimation of
threshold in the high frequencies, which may be a critical oversight in providing adequate
access to speech information by amplification of residual hearing. A possible
consequence of this underestimation related to the accountable management of this
case. A threshold at 90 dB in the high frequency region may well lead to exploration into
the feasibility of cochlear implantation, while a threshoid at 70 dB does not immediately
create this management option. Although the low frequencies are exceptionally good,
and therefore contra-indicative of cochlear implantation at the onset of management, the
use of frequency specific tone burst at all key frequencies in determining more accurate

high frequency hearing levels is clearly indicated by this finding.

5.6.4 High frequency
Normal hearing up to 2 kHz with a decrease from 3 kHz onwards.

Only a small sample of four ears was included in this category.
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displays) that the use of Mf ASSEP is not adversely affected by manipulation of

audiogram configuration across the frequency range.

5.7 INDIVIDUAL CASES WHERE Mf ASSEP THRESHOLD ESTIMATES DID NOT
ACCURATELY TRANSLATE INTO PURE TONE THRESHOLDS

The previous sections indicated that the degree of hearing loss had a significant effect

on the MRLs with Mf ASSEP as well as the ABR protocol. Stated clinically, the Mf

ASSSEP seemed able to predict hearing loss irrespective of the severity, hence its

suitability across the range of deafness.

Furthermore, configuration of hearing loss showed no effect on the MRLs obtained with
the Mf ASSEP and ABR. Within the clinical paradigm, these findings articulate into test
procedures that are able to accommodate the various audiogram shapes without limiting
the accuracy of the pure tone estimation. Some of the aggregate audiograms of the
configuration categories, however, seemed to indicate something different. It was
particularty in the low frequency and notch configurations where clearly evident
overestimations of pure tone thresholds were present. While these findings were not
statistically significant, each will be examined to seek answers to why threshold

prediction was inaccurate.

The rationale for this analysis is based on the words of one of the pioneers in the field of
audiology and a recipient of the Nobel prize for Physiology and Medicine, Georg von
Békesy: “One of the most important features of scientific research is the detection of
errors. The wnter believes that positive results and failures should be discussed
together. Only by such complete reporting can we get a true conception of a piece of
work, of the manner of its development, and of the limitations of its principles” (1960:7).

150

© University of Pretoria



i

E.a UNIVERSITEIT VAN PRETORIA
"/ UNIVERSITY OF PRETORIA
@ VU

NIBESITHI YA PRETORIA

The general concern in each category and the major impact on the findings, was the
limited number of subjects, as already mentioned. While the obvious recommendation
would be to seek out more participants in each category, these configurations of loss are
uncommon in sensory-neural hearing loss (Hall, 1992). The limited number of subjects
was, therefore, disappointing and even frustrating, but not surprising, even in this data

set.

Another critical contributor to these inaccurate estimations had to do with the severity of
the hearing loss that caused statistical error. The severe to profound hearing losses in
the two configuration categories often showed no response at maximum level of
stimulus, and these findings were not added to the sum for statistical analysis. This limits
the data set to fewer numbers than even the number of ears already present, therefore
skewing the results even further. It was only closer inspection of each audiogram in each
of the two configuration categories that revealed three cases of true discrepancy. These

three cases will be discussed separately.

5.7.1 Findings of the notch configuration

Definition: notch shaped loss (also inverse notch) between 1 — 3 Khz

Number of ears: 4

In the notch category, two cases showed discrepancy. The accurate findings are

tabulated below, followed by audiograms with the inaccurate predictions.
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Table 515  Accurate findings in the notch configuration

NOTCH )
CASE EAR Pure tone thresholds in dB Mf ASSEP in dB .,{'\BR ABR
0.5 1 2 4 05 1 2 4 Tone Click
Burst indB
at
0.5Hz
in dB
p———— aa— e —
1 LEFT 80 85 70 105 90 100 80 NR NR 75
2 LEFT 40 95 90 80 80 100 NR N‘ﬁ 80 85
e e
3 LEFT 15 25 50 35 30 40 70 50 30 40

From Table 5.15 it is clear that some of the evoked potential was absent as a resuit of

the severity of the hearing loss:

e Case 1 showed no response with Mf ASSEP at 4 kHz and ABR with tone burst
(0.5 kHz).

¢ In Case 2 hearing estimation was accurate, but the intensity levels of the stimulus in
the multiple stimulation mode precluded the behavioral envelope of the configuration
to be followed by the Steady State results.

e An accurate prediction of degree and configuration of hearing loss is evident in
Case 3. The lesser severity of the hearing loss, (i.e. a complete data set for each
testing condition) may have been the contributing factor in accurately predicting this
rather unusual hearing loss. It is interesting to note that the tone burst data was
identical to the Steady State data, but that the click, with its lack of frequency
specificity, underestimated the hearing loss in the 4 kHz region slightly. The

inaccurate prediction is displayed in Figure 5.17.
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5.7.2 Findings in the low frequency configuration
Definition: 0.5 kHz more impaired than 2-4 KHz
Number of ears: 6

Table 5.16  Accurate findings in the low frequency configuration

LOW FREQUENCY
CASE {f EAR Pure tone thresholds in dB Mf ASSEP in dB ABR ABR
0.5 1 2 4 0.5 1 2 4 Tone Click in

Burst at |} dB
0.5Hz
in dB

1 Right 30 40 20 10 40 40 40 30 50 30

2 Right 85 85 75 65 95 NR 95 80 100 90

3 Right 110 110 95 100 110 NR 110 NR NR NR

4 Left 95 90 85 70 95 NR NR 90 NR 90

Case 1 showed accurate prediction of threshold, with the Mf ASSEP and the ABR
predicting the notch shape of the audiogram. The high correlation between the test
protocols could have been enhanced in this particular audiogram by the mild degree of

hearing loss.
Cases 2, 3 and 4 accurately showed that low frequencies were more affected by hearing
loss than the high frequencies, but in Case 3 and 4 in particular the severity of the

hearing loss precluded the presence of response levels across the entire frequency

range of the electrophysiological test procedures.
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T le chapter has endeavored to give an account of the findings of the study. The account
c,)mmenced with data obtained from normal ears using the three test protocols. The
s,~ctionwas followed by presentation of the data from impaired ears. Data for the whole
g 'oup were described, followed by a closer inspection of the degree and configuration

c;ltegories within the group with impaired ears. The chapter concluded with a

. he researcher's primaritask in this sort of operation is: to illurnhiilte
ken-for-granted' meanings, to act as 'honest cornmunicator' in opening
communication between different insider viewpoints; to clarify; to

a alyze; to act as 'honest broker' representing differences; to suggest

w'ays of negotiating between them, and to make findings known" (Jan

V aterson, 2001:141).
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CHAPTER SIX
DISCUSSION OF RESULTS

Aim of Chapter

] be discussed to €

Il this chapter, the results will be integrated and discussed. To arrive at this juncture in
tlle proceedings, a comprehensive research plan was undertaken. In the preceding
s~ction, all results have been grouped and reported in an attempt to answer the
n~search question posed in Chapter 1. The research question formed the basis of the
formulation of aims (described in detail in Chapter 4), which provided the operational
framework to obtain a body of knowledge (Smit, 1983). The realization of the sub aims
i( entified relationships between variables to draw inferences, make predictions and

p'ovide comparative points across data as described in Chapter 5 (Smit, 1983).

T he following section will deal with the interpretation, discussion and integration of the
n~sultsto review their meaning and significance within existing literature and enable the
f(Irmulation of a revised theoretical and clinical framework as tabulated in Table 6.1. The
n!searcher's primary task in this sort of operation is: to illuminate ‘taken-for-granted'
n'eanings, to act as 'honest communicator' 'in opening up communication between
d 'fferent insider viewpoints; to clarify; to analyze; to act as 'honest broker' representing
d fferences; to suggest ways of negotiating between them, and to make findings known
('an Waterson, 2001:141). The discussion will commence with a summarized version
("able 6.1) of the study's results in relation to some other clinical findings in the

lilerature.
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3 normal
hearing
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hearing
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hearing
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and 40
normally
hearing
adults

Normal
hearing

Limitations

The procedure was
limited in intensity level
as it was performed for
screening purposes.

The study was conducted
at three different sites
with different test
protocols limiting
comparative value

The subjects were not
representative of the
various degrees or
configurations of hearing
loss

The spectrum of
configuration of hearing
loss was not represented
and no consideration was
given to age and gender
effects that are well

documented in the
evoked potential
literature

No data on the possible
impact on an impaired
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Findings of the current
study

No screening was attempted
in the pediatric population

This study was conducted
across a full spectrum of
degree and configuration
parameters, however, not on
children

The current study utilized
data obtained form 50
subjects with an equal
distribution between normal
and impairment

The current study was
conducted at one site. Age
and gender were controlled in
the normal group and in the
experimental group, the age
range of the study was

limited to adolescence

The normal data was verified
and compared to the existing
clinical findings, while the
impact on an impaired
system was explored



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(02%?:

Within this context, the data obtained in the control and experimental groups will be

discussed.

6.2 DISCUSSION OF FINDINGS OBTAINED IN THE GROUP WITH NORMAL
HEARING
Findings in the normally hearing group indicated that the majority of Mf ASSEP MRLs
(minimum response levels) fell within 40 dB across the 0.5 - 4 kHz frequency range with
the highest percentage being within 35 dB of the pure tone levels. The tone burst ABR
MRLs were also within 35 dB of the pure tone level at 0.5 kHz while the click ABR were
within 20 dB of the pure tone levels at 2 and 4 kHz. These findings correlated with those
described in the literature (Aoyagi et al., 1994; Lins et al., 1996, Picton et al., 1998; .

Perez-Abalo et al., 2001; Herdman & Stapelis, 2001).

In the current study, however, some general findings with possible clinical significance
were identified that should be addressed as research in this area continues. The use of
normally hearing subjects affords researchers an opportunity to manipulate a variety of
variables in order to achieve optimal testing conditions. Therefore, in an all-being-equal
test paradigm, such as was attempted for the normally hearing group, the following
issues require some discussion:

o Electrode placement

* Threshold seeking method

6.2.1 Electrode placement

Electrode placement of the reference electrode remains controversial. Picton et al.
(1998) and John & Picton (2000) encourage the use of the nape of the neck because of
clearer wave morphology (Hood, 1998, Hall, 2001, personal communication). Although
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this may be the case in a carefully controlled testing environment, such as a research
laboratory, it is less than ideal in a clinical situation, which the current study tried to
simulate. Abundant proof exists of increased artifact in the presence of neck and head
movement and even tenseness on a electrophysiological measurement (Ferraro &
Durrant, 1994; Weber, 1994; Hall & Mueller, 1997; Hood, 1998), motivating the use of
sedatives in younger populations. No sedation was necessary, but the subjects were
specifically encouraged to relax and even drowse while lying comfortably on their backs.
Patient instructions included, as suggested in the literature, limiting movement of the
neck, shoulders and eyes (Ferraro & Durrant, 1994; Weber, 1994; Hood, 1998; Wilson,
2000). Even though subjects were given deliberate instructions not to move, it was
decided that the nape of the neck would be more susceptible to neck and head
movement in the presence of tenseness. The current study, therefore, used the Oz
position, which was reported to be slightly less comfortable by the research participants,
as the electrode presses on the back of the head, but the use of a pillow for support

eliminated discomfort to a large extent.

6.2.2 Threshold seeking procedure

A descending 10dB interval method was used during Mf ASSEP testing in the current
study based on similar studies using identical equipment (Perez-Abalo et al. 2001) to
facilitate comparison. The pure tone thresholds were, however, determined in 5 dB
increments (Hall & Mueller, 1997). Within the context of the excellent hearing thresholds
obtained in the current study, consideration should have been given to response

detection in 5 dB increments in the Mf ASSEP protocol as well.
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6.3 DISCUSSION OF FINDINGS OBTAINED IN THE GROUP WITH IMPAIRED
HEARING
The results obtained in the study indicated that degree of hearing loss had a marked
effect on the MRL’s of the study irrespective of the range while configuration showed
little or no statistically significant effect on the accuracy of the MRL’s in predicting the
shape of the audiogram using either the Mf ASSEP protocol or the ABR protocol. The
Mf ASSEP protocol, however, provided a complete four-frequency audiogram within an
average time of 25 minutes in comparison to the ABR protocol, which provided a high
frequency estimate and one low frequency threshold estimate. The findings seemed to
lean towards a higher clinical utility for the Mf ASSEP protocol in terms of overall
accuracy and time efficiency. Some discrepancy in the accuracy of each protocol was
evident, however, and these findings and their clinical significance are expanded upon in

Table 6.2.
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Evoked
Potential

ClickABR

nderestimation of
reshold at 2.0 with 5 dB
nd 15 dB at 4.0 kHz.

kHz

Underestimated pure tone
threshold at 4.0 kHz with
5dB

Underestimated pure tone
threshold with 15 dB at 4.0
kHz

Underestimated pure
tone at 0.5 kHz with 20
dB

. Underestimated pure
tone threshold at 1.0
with 30 dB
Underestimated pure
tone threshold at 4.0
kHz with 20 dB

Underestimated pure tone
threshold at 0.5 kHz with 5
dB

Underestimated pure
tone at 0.5 kHz with 35
dB
Underestimated pure
tone threshold at 1.0
with 25 dB

. Underestimated pure
tone threshold at 2.0
kHz with 5 dB
Underestimated pure
tone threshold at 4.0
kHz with 10 dB

I Clinical significance

Not significant as the effect of vibro-
tactile stimulation confounds true
threshold by audition at high intensities
(Hall, 1992). The effect of stimulus
intensity is addressed under 6.3.2.2.4
Stimulus  Intensity

Not significant as the underestimation
falls within the standard deviations and
does not affect amplification and other
management options in this particular
case.

Significant. Access to speech sou
compromised in the frequencies c¢
for s eech.

Significant. The threat of under-
amplification in the low, mid and high
frequency range would have been a very
real possibility. This is, however, mean
data of a very scantly compiled category
and it is not a true reflection of the clinical
effectiveness of the MF ASSEP.

Not significant as the finding r
within the standard deviation
of the stud.

Significant. The threat of under-
amplification in particularly the low, but
also in the high frequency range would
have been a very real possibility.
Cochlear implant candidacy would have
been overlooked as a management
option. This is, however, mean data of a
limited number of subjects and not
indicative of the clinical utility of the MF
ASSEP.
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e The use of monotic or dichotic stimulus presentation.

6.3.1.1.1 The acoustic environment

Most studies conducted on Mf ASSEP used pure tone as the gold standard. The pure
tone test battery is usually conducted in soundproof conditions, while the Mf ASSEP
protocol is conducted in a quiet or sound treated room with less than optimal noise
levels. Comparative endeavors are thus often compromised by poor control of the test
environment. Although noise levels usually degrade the electrophysiological response,
hence the use of sedation to reduce artifact causing noise, manipulation of low filters
and so forth, Picton et al. (1998) report the favorable recognition of Mf ASSEP in less
than optimal conditions, contradicting the situation with ABR testing protocols. While this
holds promise for implementing Mf ASSEP in clinical settings with different populations
(for example nurseries and other hospitals wards), the validity of the technique should
first be established with the test environment as a controlled test variable, not as a
dependent test variable unless clearly specified as such. The current study used
soundproofing throughout the study to ensure that the test environment did not influence

the outcomes to a significant degree.

The control of acoustic ambient noise is critical in evoked potential procedures at
threshold levels (Hall, 1992; Picton et al., 1998; Herdman & Stapells, 2001). In the field
of audiology, the guidelines for, and the use of, standard uniform noise control measures
have been strangely elusive. The use of double or single proofing in acoustic booths
meets ANSI standards for hearing assessment. The effect of double versus single
walling in the acoustic environment does, however, show difference in threshold. There
is agreement that the careful management and set up of the testing environment is
essential in conducting standardized, valid and reliable testing (Hall, 1992; Hood, 1998).

165

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(03 ‘)

As the effect of age, gender, degree of hearing loss and configuration of hearing loss are
systematically manipulated to determine the effectiveness of the procedure, ambient
acoustic noise levels should be reduced and eliminated to the extent that they do not

confound the obtained resuits.

In evoked potential techniques, noise reduction is an ongoing clinical concern. Many
techniques have been developed to ensure reduced noise levels, ranging from sound
proofing, to filtering, patient instruction and even patient sedation to list a few. The
primary and most obvious of these techniques entails the use of a controlled acoustic

environment.

Possibly due to the novelty of the dichotic Mf ASSEP technique, only two studies were
conducted that employed the dichotic technique across the degree spectrum of hearing
loss, namely Herdman & Stapells (2001) and Perez —Abalo et al. (2001). Their acoustic
environments differed considerably. Herdman & Stapells (2001) employed a double-
walled sound attenuated booth, which recorded low noise levels of 10-12 SPL across
0.5-4.0 kHz octave band. In their conclusion as to why their study indicated relatively
small differences between Mf ASSEP and behavioral thresholds, they specifically cited
the low noise levels of their acoustic environment. The study conducted by Perez-Abalo
and colleagues (2001) was conducted on a large scale with a large number of subjects
across the severity of hearing loss range, yet surprisingly their threshold procedures
were obtained in a sound treated room without sound attenuation. In their report they
acknowledge high ambient noise levels of 65 and 71 dB SPL but they nevertheless
continue their discussion of the correlation indicating the clinical utility of the Mf ASSEP

technique. This is disappointing because it would have been worthwhile to examine the
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results of 43 hearing impaired children between 6 and 15 years of age without a nagging

suspicion of the confounding influence of the acoustic environment.

One explanation as to why the influence of the noise environment was disregarded in
the Perez-Abalo et al. study (2001) may be related to the orientation of the researchers.
In Cuba where their study was conducted, the profession of audiology does not exist and
the testing of hearing falls in the domain of the ENT medical doctors or the neuro-
physiologists (Perez-Abalo, 2001, personal communication). Both these professions
cover a broad range of testing protocols where the use of carefully controlled acoustics
environments may or may not be stressed to the same extent as in the field of diagnostic
audiology. The students of audiology are exposed during both their under- and post-
graduate training to the standards and specification for conducting hearing assessment
procedures required for board certification. Unfortunately, the emphasis is all too often
placed on establishing low impedance levels between electrode and scalp, while the
obvious requirement for quiet in the testing environment is acknowledged and then

dismissed.

Another explanation for the poor control of the acoustic environment is related to the
workplace. In most clinical studies, researchers are forced to make use of an existing
acoustic environment, which is often not ideal. Neglecting to incorporate the effect of the
testing environment on results remains controversial and it may provide a challenge to
ensure compatible resuits with existing literature. The introduction of weighting factors
and continual measurements of ambient noise that may be statistically manipulated to
ensure validity need to be considered for clinical studies in particular (John & Picton,

2000).
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The current study employed a single walled sound attenuated booth for the
determination of pure tone thresholds and to ensure reliability. The results were
compared to the audiogram obtained in the subject's educational environment in a
double walled sound attenuated booth. No discrepancies were evident. The evoked
potential procedures with its higher susceptibility to noise because of their onset
response and far field nature (Hall, 1992) were conducted in a double walled sound
attenuated booth within a sound treated room. Low ambient noise levels were, therefore,
evident. According to Frank (2000) a reduction of 20-30 dB in external ambient noise is
evident with double walling but he did not discuss the use of sound treatment additional
to sound proofing. Picton et al. (1998) acknowledge the inadequate reduction of noise
with the recording techniques employed by them and other researchers. They propagate
reconsideration of recording techniques — still without the primary consideration of an
optimal testing environment prior to the adjustment of stimulus and recording

parameters.

A further noteworthy comment by the same author also relates to the pervasive noise
problem during Mf ASSEP and other evoked potential measurements. They postulate
that the noise should be studied first as a source of additional information instead of
being eliminated without the slightest consideration of its content (Picton, 2001). These
suggestions are seductive as, despite tremendous gains in the sophistication of
recording procedures and requirements for optimal recordings, ambient noise remains a
factor. The presence of 3 Hz beats and brain noise need to be examined at threshold
level as this may lead to clearer speculations and understanding of the neurophysiology

of hearing in normally hearing and impaired ears.
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6.3.2.1.2 Transducer

Frequency shaping by the transducer can shape the response spectrum for evoked
potentials (Gorga et al., 1985). Air conducted amplitude modulated tones can be
presented through supra-aural headphones (as in the current study), insert earphones
(Herdman & Stapells, 2001), or the free field (Picton et al., 1998) in threshold seeking
procedures. Frequency shaping by the transducer is evident in ABR procedures using
broadband stimuli like a click indicating a high frequency emphasis around 3 kHz (Hall,
1992; Oates & Stapells, 1998; Gorga, 1999). In the current study the ABR click showed
highest correlation with the pure tone thresholds between 2 and 4 kHz, yet had above
average correlation at 0.5 kHz and 1.0 kHz as well. This may indicate the click stimuli

seeking our ‘best hearing’ frequencies in the presence of impairment.

The use of insert earphones are recommended over supra —aural headphones (Hall &
Mueller, 1997; Hall, 1992) yet many studies (Lins & Picton, 1995; Lins et al. 1996; Rance
et al., 1998; Perez- Abalo et al., 2001) employed supra-aural headphones on normally
hearing adults, hearing impaired subjects and even infants. The current study made use
of supra-aural headphones because of manufacturer specification. The version of the
equipment utilized did not allow for any stimulus presentation mode other than supra-
aural headphones. Finally it should be noted that Herdman & Stapells (2001) used insert
earphones, which, despite the increased patient comfort during testing, seemed to have

little effect on the accuracy of the results.
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6.3.1.1.3 Monotic versus dichotic stimulus presentation.

The current study used the dichotic testing condition for Mf ASSEP and monotic testing
for the ABR. The use of dichotic stimulation did not seem to have an effect on the
accuracy of the results in either the degree or configuration categories used in the study
(Tables 5.11 and 5.14). Previous findings have indicated that no difference in amplitude
occurs in the Mf ASSEP during muiltiple and single testing conditions (Lins & Picton,
1995), provided that the intensity is maintained at low to moderate levels (John et al.,
1998) and that interaction at threshold levels is not disregarded completely. Although
John & Picton (2000) caution against the unknown effect of high intensity levels on
multiple stimulation, they do not, in fact, assess differences at high intensities, as their
subjects were not hearing impaired. During their study they did not exceed comfort
levels for their subjects, hence disallowing hearing impairment’s confounding effects on

sensation levels, dynamic range or intensity.

Perez-Abalo et al. (2001) and Herdman & Stapelis (2001) used the dichotic presentation
technique in normal and impaired ears. No significant differences in response amplitude
between monotic and dichotic testing conditions were identified. This indicates
agreement with Lins & Picton’s statement (1995) that “stimuli differing in ear of
presentation or carrier frequency may be presented simultaneously without significant
loss in amplitude....in stimuli that were as litfle as an octave apart” (p429.)
Corroboration could not be found in research conducted by Lins et al. (1996). While
these researchers had the dichotic stimulation option available in their clinical study,
their hearing impaired subjects and simulated hearing loss subjects were tested in the

monotic condition.

170

© University of Pretoria



ﬂ UNIVERSITEIT VAN PRETORIA
" UNIVERSITY OF PRETORIA
¥ ¥

UNIBESITHI YA PRETORIA

The advantage provided by the dichotic stimulation is the significant reduction in testing
time. It would imply the testing of four frequencies in each ear simultaneously while the
number of presentations would be dependent on the degree and configuration of hearing
loss. Irrespective of the degree or configuration, the testing time would be reduced when

compared to ABR.

Even though the reduction of testing time through dichotic stimulation holds exciting
possibilities, three concerns need to be highlighted at this juncture. Firstly, the effect of
exposure to a multiple dichotic stimulus at high intensities has not been explored in
terms of the well documented negative effect of sustained exposure to noise. Secondly,
the carriers are presented at the same intensity, which could be a problem when the full
range of configuration of hearing loss is examined. For example, a steeply sloping high
frequency hearing loss may require high intensity levels to record responses at the 2 and
4 kHz points, while the 0.5 and 1 kHz levels may not be as significantly affected. Patient
discomfort is, therefore, a concern. Picton et al. (1998) postulate that the muitiple
stimulus technique encounters difficulty when presented with a steeply sloping loss with
same intensity presentation. In order to accommodate this phenomenon, they propose
introducing an algorithm that would adjust intensity of the particular carrier frequency
once a response is recognized as present until the audiogram is approximated. This
calculation holds promise, but still does not indicate the specific starting intensity of the

Mf ASSEP test procedure when considering a sloping or notch shaped loss.

The use of dichotic stimulation implies the adjustment of electrodes on the scalp. While
John et al. (1998) made use of the nape of the neck for reference, Peres-Abalo et al.
(2001) and the current study used the Oz position at the back of the head for reference.
In retrospect, the use of the nape of the neck in the current study's adult popuiation may
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The influences that will be highlighted in the following discussion are:
e Stimulus duration

e Stimulus complexity

e Stimulus frequency

e Stimulus intensity

e Stimulus modulation.

6.3.1.2.1 Stimulus duration

In each testing condition in the current study, the stimulus duration was varied in semi-
random fashion. The click ABR used a stimulus of less than 1 msec (see Table 4.7 of
Research Method), the tone burst at 0.5 kHz was 2 ms (see Table 4.10 of Research
Method). The Mf ASSEP used a continuous tone modulated at 70-90 Hz (see paragraph
4.6.3.1.1 of Chapter 4), while the pure tone stimuli exceeded 200 msec, even though the

exact duration of the pure tone was never measured.

Caution is necessary when comparing different test protocols, as the effects of stimulus
duration are often dismissed in the target of predicting the pure tone threshold in difficult-
to-test populations. ABR procedures enlist the earliest portion of the stimulus to obtain
minimum responses (Gorga et al., 1984). Brief broadband stimuli are suitable for
assessing neural synchrony or the simultaneous firing of neurons up to brainstem level,
with the inferential secondary purpose of estimating hearing sensitivity. The brief tone
burst attempts a compromise between neural synchrony with some frequency specificity.
The use of these short latency responses (between 1 and 15 ms after stimulus onset)
show no susceptibility to state of arousal or maturational status (Hall, 1992; Hood, 1998),

hence its high suitability for use with young infants and other difficult-to-test patients.
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The nature of the continuous amplitude modulated tone of the Mf ASSEP eliminates the
abrupt stimuli changes over time of ABR stimuli, which cause signal distortion through
the amplifiers. This may facilitate the processing of stimuli which, in turn, holds
possibilities for the clinical impiementation of Mf ASSEP in the free field condition to
obtain aided audiograms through hearing aids as well as cochlear implants (Rance et
al., 1995; Picton et al., 1998). The effects of arousal and maturity, however also affect
the Mf ASSEP, but these effects can be overridden by manipulation of the modulation
rate. At slower modulation rates, the 40 Hz response, maturational and state of
wakefulness effects occur, but when the modulation exceeds 70 Hz, no effects are

evident (Rance et al., 1995; John & Picton, 1998).

Pure tones have a duration in excess of 200 mecs, and, according to Viemeister &
Wakefield (1991), the decrease in pure tone threshold will increase stimulus duration.
They ascribe this finding to the integration capability of the ear that, with longer duration,

are afforded multiple ‘examinations’ of the stimulus.

Against this background, it can be argued that theoretically the pure tone thresholds
would be the most accurate reflection of frequency specific hearing based on the
influence of stimulus duration, hence its designation as the gold standard. The
continuous tone of the Mf ASSEP would be a close second to the pure tone data, as well
as with the tone burst at 0.5 as approximations of frequency specific hearing. The click
would possibly be the closest to the pure tone ‘data points’ especially in the high

frequencies, without indicating any frequency specific information.
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These findings were evident in the degree categories of the current study. In some of the
configuration categories, however, the pure tone thresholds were underestimated,

particularly in the low frequencies.

6.3.1.2.2 Stimulus complexity
The complexity of the stimulus did not have an effect on the degree (Table 5.11) or
configuration (Table 5.14) of hearing loss categories of the current study. This finding

may have everything to do with the domain in which the potentials were recorded.

In the time domain, such as used in ABR, the complexity of scalp recordings of different
stimuli superimposed on one another will be difficult to separate. The use of Fast Fourier
Transform in the frequency domain, however, enables response separation, as each
response would occur at each designated modulétion frequency. The amplitude and
phase of the response is then automatically measured, using for example the F-test, in
its signal to noise context at a particular modulation frequency in the frequency domain

(Lins & Picton, 1995).

Picton et al. (1998), John & Picton (2000), Lins et al. (1996) and Herdman & Stapells
(2001) established that the multiple stimulus condition exhibits little effect on amplitude
of responses, provided that the frequency differences exceed an octave and the intensity
level is monitored have established. In such a scenario, four stimuli can be presented to
each ear simultaneously without significant loss in amplitude. Lins and Picton (1995)
acknowledge the occurrence of interaction between different stimuli in different ears, but
these dichotic effects were smali and could not be replicated in their study. The use of
high intensities may have exacerbated the interaction effect between stimuli. Yet the

ABR thresholds levels were also the least reliable representations when levels exceeded
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90 dB, even though the stimulus was simple. Inaccuracies in these cases could possibly

be attributed to high intensity levels and not to complexity of the stimulus per se.

6.3.1.2.3 Stimulus frequency

Particular attention was given to any studies shedding light on the effect of stimulus
frequency, as the current study found some discrepancies in prediction of thresholds in
certain configurations — notch and low frequency (paragraphs 5.7.1 and 5.7.2 of Chapter
5 respectively). Contradictory findings are, however, evident in the literature regarding

the effect of stimulus frequency on Mf ASSEP.

There are reports of larger amplitudes of responses for high frequency information
(Rance et al. 1993; Rance et al, 1995) in the single stimulation condition, lower
amplitudes in low frequency information in the muitiple stimulation condition (John &
Picton, 2000), variability in high frequencies in the multiple condition (Picton et al. 1998),
and even abnormal elevation of high frequency thresholds in the multiple condition
(Picton et al., 1998) and abnormal elevation of low frequency thresholds in the single
condition (Rance et al. 1993). Scant explanations are provided by Rance et al. (1993) as
to why they experience underestimation of pure tone threshold in the low frequencies,

while Picton et al. (1998) and John & Picton (2000) also attempt explanations.

There are two important considerations in this regard namely: a) the activation of the
basilar membrane and b) the mediation of responses on the basilar membrane. In the
current study, the Mf ASSEP tended to underestimate threshold in certain frequency
regions in two categories. Stated differently, the predicted response is ‘better’ and
‘bigger’ than the actual pure tone threshold. Similar findings were reported by Rance et

al. (1993; Rance et al.,1995), even though they used the single stimulus condition. In
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contrast to the current study and to the work conducted by Rance et al. (1993), John &
Picton (2000) found that responses to lower carrier frequencies of 500 and 750 Hz were
lower in amplitude than others, and that these carrier frequencies have lower effective
intensity levels. They argue that the lower carrier frequencies evoke an activation pattern
on the basilar membrane, which includes a larger spatial extent than higher carrier
frequencies. Because neurons along a broad area of the basilar membrane will
individually respond to the same particular carrier frequency, some of the neurons may
be activated significantly earlier than others (John & Picton, 2000). The subsequent
latency jitter of the response might then attenuate the amplitude of the compound
response. These processes seem not to be affected by muitiple or single stimulus
conditions, provided that an octave separation between carrier frequencies is maintained
(Lins & Picton, 1995). The effect of intensity was not considered as their research
focused on moderate intensity levels to avoid interaction. The published results of the
Rance group, are, therefore, more significant, as their subjects were all cochlear
candidates with little or no residual hearing using ABR techniques. It seems that intensity
may influence the lower frequencies to some extent. As evident on the severe and
profound categories of this study, it would be prudent to perform the Mf ASSEP

procedure on these categories by comparing single versus dichotic multiple stimulation.

The foregoing argument is plausible, although it does not explain the overestimation of
threshold in the low frequency categories (see Sections 5.6.5 and 5.6.6) but rather
contradicts it. A possible explanation that may provide some insight into this issue is also
provided by Picton et al. but in a previous article published in 1998. He extrapolated
some findings of previous work in neurophysiology conducted by Kiang and Dallos and

Harris in the late 1970s.
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The argument presented pertains to the presence of abnormal tuning curves in the
cochlea. This allows for high frequency areas to maintain their cut-off slopes, while the
low frequency areas lose their high sensitivity tip at the carrier frequency, allowing for
responses to low frequency stimuli to be mediated through places on the basilar
membrane that are place specific for high frequency information. While this phenomenon
is evident in normal cochleas at high intensities, it may be present in damaged cochleas
at minimum response levels. This may cause responses to be abnormally elevated in
the high frequencies. Findings of the current study did experience abnormal elevation of
high frequency threshold data in one category. The presence of unstable abnormal
tuning curves and the subsequent abnormal mediation patterns on the basilar
membrane could, therefore, account for the discrepancies evident in some of the pure
tone and Mf ASSEP data, particularly at high intensity levels in the multiple condition.
The phenomenon will be discussed in more detail in Detection at minimal response

levels and the effects of recruitment.

Another possible explanation is presented by Rance et al. (1993). They also
experienced some underestimation of low frequency responses using monotic
stimulation and they concluded that responses to these frequency specific stimuli are
likely to be originating from the appropriate places in the cochlea. It is interesting that
they did not have the confounding effect of multiple stimulation presented dichotically
and still experienced difficulty in the accurate prediction of low frequency threshold

levels. More research in this regard is clearly indicated.

In terms of high frequencies, Rance et al. (1995) found better correlation coefficients,
and more reliability in responses in the high frequencies with more accurate predictions,
using monotic stimulation compared to the current study. Picton et al. (1998), however,
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experienced variability in 4000 Hz responses in the muitiple condition with no response
recognition even above threshold. They subsequently adjusted their stimulus form
dichotic to monotic and managed to record 4000 Hz. It seems that the high frequencies
have less variability in the monotic condition, when recorded singly. The current study
had no variability or incongruencies in the multiple condition in the high frequencies,

even at high intensity levels, with the exception of one category.

The stimulus frequency effect in the ABR protocol was less profound. As expected, click
stimuli showed little frequency specificity. Despite its much published advantages and
disadvantages, its inclusion in an evoked potential test battery is recommended, often as
the logical starting point to conduct further testing in the absence of reliable, inconclusive
pure tone results (Hall, 1992; Gorga et al., 1993; Hall & Muelier, 1997; Hood, 1998;
Gorga, 1999). The use of a click-evoked ABR as primary diagnostic tool in amplification

determination is, however, clearly not indicated (Gorga et al., 1993).

6.3.1.2.4 Stimulus intensity

The intensity of the stimulus did not affect the accuracy of the results in either the degree
or configuration categories of the study as evident through the statistical procedures
employed in the study (see Tables 5.11 and 5.14). This is a particularly interesting
finding especially in the Mf ASSEP condition, as most of the existing clinical research
employed moderate to low intensity sounds (Picton et al.,, 1998) or a limited
representation of various degrees of hearing loss (Perez-Abalo et al., 2001). The ability
to use high level stimulus intensity was one of the key advantages over ABR testing
when used monotically, as evident in work conducted by Rance et al. (1998) on cochlear
implant candidates. The fact that those responses could be found at high intensities in

the absence of ABR thresholds was indicative of some residual hearing and an
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indication of a better ear or, in fact, a total hearing loss. These findings have not been
sufficiently replicated in the dichotic stimulus condition until this study. As reported in the
aforementioned studies, limited output of the ABR test protocol often showed no
response at high intensities or could not be determined because of the presence of
excessive stimulus artifact. No responses were recorded using Mf ASSEP, but to a
lesser extent in some of the frequencies. No single case showed no responses across
the frequency spectrum using Mf ASSEP while the tone burst and click ABR results were
unobtainable. In the Mf ASSEP test condition, the no responses were documented within
the severe to profound hearing loss categories, and on close examination of a particular
threshold, rather than the pure tone average, the threshold fall within the profound

hearing loss category.

The careful control of stimulus intensity in the multiple condition in previous studies (Lins
et al.,, 1996; John & Picton, 2000) relates to limitations on the occurrence of interaction
of sounds in the basilar membrane. Research conducted by Lins & Picton (1995) reports
some interaction in ears in different frequency regions when the stimuli are presented
dichotically. These interactions were, however, not replicable and seemed to affect high
frequencies more than low frequencies — a tendency perhaps evident in the minimum

response levels of the low frequency and notch categories.

Moore (1993) supports the notion of interaction on the basilar membrane, but states that
interaction is a consideration in high intensity stimuli - loud sounds should interact, and
that increase in intensity should increase the interaction, despite every effort to control
the separation of the carrier frequencies, hence the continuous use of moderate stimulus
intensities. The cause of the interaction resides in simple physiology, namely, that the

cochlear filter widens at higher intensities. Furthermore louder sounds allow a more
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rapid rise in synaptic potentials because of the release of more transmitters or an

increase in stimulus activation patterns (John & Picton, 2000).

The close proximity of all the structures of hearing within the inner ear logically supports
the presence of interaction. It is obvious that multiple, simultaneous high intensity sound
may cause secondary movement within the structure of the inner ear, particularly on the
basilar membrane. This phenomenon has recently been hypothesized in a study when
the exposure to loud sounds has resulted in vestibular symptoms in noise induced
hearing loss due to the proximity of the inner ear structures (Strachan, 2001). The
question has remained unanswered up to now: whether this interaction significantly
influences the results when high intensity procedures are undertaken using Mf ASSEP.

The current study found no evidence of significant interaction.

One suggestion to eliminate the occurrence of spurious (present by chance due to
interaction) responses would be to increase the averaging of the signals to eliminate
interference of artifact and related EEG activity (John & Picton, 2000). At these
intensities, however, the concern should be for noise exposure with an increase in
averaging and consequently in testing time; especially when using multiple dichotic

stimuli presented at high intensity levels (Picton, 2001).

Deliberate caution should be applied when testing at high intensities to ensure
accommodation of the configuration of the hearing loss. A steep sloping hearing loss
may cause patient discomfort when stimuli are presented at equal intensities across the
frequency spectrum. In such cases, the pure tone average should serve as a clinical
indicator, and the need for some corroboration of behavior to sound in low and high
frequency ranges should be considered.
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6.3.1.2.5 Stimulus modulation

Three related aspects of stimulus modulation demand to be reviewed within in a clinical
context in this section namely that modulation is compulsory, requires audition and
reduces sound intensity. Each of these will be addressed briefly in the context of the

current study.

Steady state recordings are dependent on stimulus modulation as the steady state
potential is evoked by modulation of the carrier rather than the occurrence of the carrier
(Picton et al., 1998). Furthermore, the modulation needs to be audible before the steady
potential is evoked. The frequency spectrum of the amplitude-modulated tone consists of
the carrier frequency and two side bands (half the amplitude of a 100% AM tone) that
are below the intensity of the carrier frequency. If the side bands are not audible, no
response detection is possible. As modulation may not become audible well above
threshold level, it is logical to expect the steady state potential to be elevated above the
expected threshold level of an individual. It is also expected to be at higher intensity
levels, as the use of amplitude modulation reduces actual intensity. The expected
conclusion is therefore that steady state would also be elevated above threshold levels
because of the requirements of amplitude modulations audition and the fact that is

intensity increase is necessary to provide the same audibility (Picton et al., 1998).

While the use of stimulus modulation (amplitude and in some cases frequency
modulation) is a well-described phenomenon in monotic and dichotic Steady State
procedures, its use is rarely extended to other measurements in clinical studies. In most
studies, the Mf ASSEP results are elevated above the pure tone results, with better
correlation in pathological ears due to abnormal loudness growth. This elevation-

correlation relationship was evident in the current study, as 100% amplitude modulated
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tones in the recording of Mf ASSEP were used, similar to the recording procedures of
Lins et al. (1996) and Perez-Abalo et al. (2001). While the additional use of averaging
and maximum length sweeps (Picton et al., 1998; Herdman & Stapells, 2001) additional
to optimal reduction of noise could increase correlation between pure tones and Mf
ASSEP, an inherent discrepancy between the two would persist due to modulation.
Picton et al. (1998) postulate that no recognizable responses would be present within 10
dB HL, irrespective of the number of averages, as there may be too much latency jitter in
the modulation of the response to allow averaging procedures to facilitate response
detection. Although this provides a logical dead end to correlation, Herdman & Stapells
(2001) achieved better correlation between pure tones and Mf ASSEP. In addition to
introducing most recommendations in the literature, namely, longer averaging, low
background noise and maximum sweep protocol, they also employed amplitude

modulated pure tones to obtain their pure tone results.

AM pure tones contributed significantly to the correlation between the Mf ASSEP and
pure tone resuits in the Herdman & Stapells report (2001). According to Lins et al.
(1995), AM pure tones show an elevation of 5 dB compared to pure tones obtained by
traditional audiometric techniques in for instance Perez-Abalo et al. (2001) and the
current study. While the use of AM tones was a creative means of exploring minimum
response level correlation, it does not render a clear clinical protocol for use in difficult-
to-test populations, as the use of a method with documented elevation of at least 5 dB
would cause confusion and the introduction of arbitrary correction procedures not viable
for the clinical setting, The use of AM tones by Herdman & Stapells, (2001) reduces the
clinical application of their results. It would have been more prudent to use AM as weill as
standard pure tones in their test protocol. While they only used ten adult subjects this
could have been feasible without adding unnecessary testing time.
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The following fundamental questions need to be addressed, namely:
e What is deemed sufficiently quiet for recording an evoked potential using dBA?

e How many averages are required at the very least to ensure adequate averaging?

Both noise and consequent averaging are poorly defined in the clinical setting. No
quantitative measures or standards exist in the use of evoked potential measurements to

control these variables, hampering optimal comparisons across studies.

Previously in this chapter, the differences between using of single and double proof
testing booths were addressed (Section 6.3.1.1.1.). Though double proofing should
theoretically increase the accuracy of results, the difference is marginal in the current
study in both the ABR and Mf ASSEP protocol (single proof) and the pure tone results
(double proofing). Had the ABR or the Mf ASSEP been conducted in a double proofing
environment, comparison would have been hampered in a much more significant

manner.

A limitation identified in this study and also evident in the literature, relates to
quantification. The following noise requirements could be quantified in the current study
— electrical noise should be kept below 0.010 micro Volt, and above this level no
responses could be deemed reliable. With regard to the noise levels within the booth
when the stimulus is introduced, no formal measures were undertaken. With poor noise
control, the confusion spills over into the number of averages required to ensure optimal
testing conditions. The more noise present, the more averaging is required. Yet it

remains important to determine how much noise and how much averaging is needed.
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Murky noise specifications in clinical studies can lead to extremely arbitrary judgments
regarding averaging. Combined with the ever present consideration of testing time in
especially difficult-to-test populations, the averaging procedures are more related to ‘gut
feel' than standard. It is thus not surprising that the use of increased averaging arises as
a possible solution to inferentially improve poor correlation between pure tone and
evoked potential results by increasing the accuracy of the evoked potential results. The
introduction of increased averages primarily reduces background EEG noise, as well as
existing extraneous noise ievels that could not be limited by other techniques such as

electrode placement filter settings and testing environment modification.

The current study used standard averaging in both the ABR and the Mf ASSEP
protocols to ensure comparison with literature findings and also to remain within the
clinical paradigm that necessitates continued consideration of testing time (see
paragraphs 4.6.2, 4.6.3.and 4.6.4. of Chapter 4). Mf ASSEP and pure tone correlation
were within the significant range using statistical measurements across the frequency
and degree spectrums. Poorer but still statistically significant findings were evident in the
ABR tone burst and ABR click correlation to pure tone results. From the foregoing, it can
be concluded that sufficient quietude and adequate averaging were employed. The
obtained results were therefore primarily indicative of the specific degree and particular

configuration combinations and not due to excessive noise levels or limited averaging.

At this juncture, the difference in averaging procedure evident in some of the key articles
using Mf ASSEP compared to pure tones need to be considered. An EEG sweep for the
current study is similar to that employed by Perez-Abalo et al. (2001), and this may be
ascribed to the identical equipment set-ups that were used, namely, 11.4 seconds.
Herdman & Stapells (2001) performed longer averaging at 16.38 seconds per single
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sweep. Response identification ranges between minimum and maximum sweeps and
higher numbers of sweeps are usually required for stimuli near suspected threshold
levels. Conversely significant responses were only confirmed after the minimum sweeps
were averaged and no response status is only confirmed once the maximum number of
sweeps had been averaged. Herdman & Stapells (2001) used maximum sweeps and the
longest duration possible per sweep. Combined with the amplitude modulation in the
pure tone protocol, the close correlation between their the AM pure tones and the Mf
ASSEP may be explained. According to Picton et al. (1998), increased averaging in Mf
ASSEP would not reduce correlation to within 10 dB of the pure tones, as is the case
with ABR (Elberling & Don, 1987), due to excessive latency jitter in Mf ASSEP at

minimum response levels.

Herdman & Stapells (2001) did, however, prove Picton et al. (1998) wrong when they
recorded Mf ASSEP within 10 dB of the pure tones. The specific contribution of the use
of AM pure tones, the use of longer sweeps or the use of maximum averages cannot be
separated and ordered. The improved results reported a significant increase in testing
time. Testing time of almost three times the duration of the Perez-Abalo et al. (2001) and
the current study was reported, hampering the clinical introduction of this specific sweep
and averaging protocaol in difficult-to-test populations such as pediatric clients where time
is of the essence. The words of Hall & Mueller (1998:327) summarize the sentiment:
Whatever works, do it, and (when considering pediatric assessment) whatever works, do

it quickly (parentheses mine).
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validity (Wilson, 2000). Achieving these in the clinical setting is difficult because of time

constraints and the apparent insensitivity to the benefits of these strategies.

The tone burst ABR can be introduced at as many frequencies as required although low
frequency information such as 250 Hz is not recommended (Hall, 2001, personal
communication; Hood, 1998). However, the time requirement for firstly performing a
threshold seeking procedure at various frequencies, and secondly obtaining norms for
the particular clinical setting and thirdly in accurately detecting minimal responses in
normal and pathological ears are hampering the regular introduction of tone burst ABR

into the clinical test battery.

While the current study clearly indicates that the automatic response detection of the Mf
ASSEP presented with accurate findings when compared to pure tones, waveform
analysis of the ABR did not produce poorer reflection of pure tones when response
detection was the consideration. However, the current status of the world we live in is
also reflected in the field of diagnostic audiology, this being the continued pressure to
test, average, detect and rehabilitate faster. Steady state testing in the frequency domain
rises to this challenge quite successfully with the use of automated detection techniques
in addition to multiple stimuli and dichotic testing possibilities. Automated detection
certainly reduces testing time, the need for repeatable waveforms and post hoc analysis
of results. On-line audiogram approximations are possible and it is conceivable that once
the patient enters the booth and the testing begins with adequate noise levels and
averaging procedures in place, s/he will leave with results across frequency spectrum in

hand. Testing time, therefore, represents response detection time.
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The same cannot be reported for an ABR protocol. The introduction of wave rating
scales, between rater judgments and the consultation of the ever-handy normative data
file increases the time between testing commencement and final diagnosis. While this is
definitely the case with click stimuli, the waveforms morphology is significantly reduced
in attempts to obtain frequency specific threshold estimates using, for instance, tone
bursts. The influence of frequency testing within the tone burst context further hampers
waveform analyses, with low frequency waveforms being of poorer quality than high

frequency waveforms (Hall, 2001).

Automated response detection does not require expertise and experience in the visual
inspection of threshold level waveforms, as is the case with ABR. While the use of
diagnostic ABR should be limited to experienced audiologists, a wider range of

professionals with various degrees of experience may use Mf ASSEP.

In the current study, both techniques were employed and it was evident that the Mf
ASSEP technique produced significantly larger quantities of diagnostic information in 20
minutes than the ABR protocol. The actual testing using the ABR protocol did not take
long because of the limited stimuli used in the study. However, the waveform analysis,
consisting of initial identification of wave V at all intensities, followed by a three rater
blind study to ensure accurate threshold prediction for all ears (50 normally hearing and
50 pathological) at two testing points (click and tone burst), at all intensity levels
(approximately 6 for the normal ears and three to six for pathological ears) needed

considerable lengths of time to complete.
The availability of automatic response detection is not without problems, and the

presence of detected ‘responses’ when there is no response present is described by
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Picton et al. (1998). The occurrence of spurious responses (Picton et al., 1998) will be

discussed as the logical final component of this section ( see 6.3.1.4.3).

6.3.1.4.2 Pathology in the cochlea facilitates MF ASSEP

ABR measurements obtain the clearest waveforms in normal ears, and significant
compromise of morphology occurs in the presence of pathology in the middle ear (poor
morphology, later occurring waves), inner ear or nerve of the ear (abnormal waveforms,
compromised inter peak latencies or absent waveforms) (Hood, 1998). Mf ASSEP does

not exhibit a similar pattern in the presence of inner ear damage.

Better correlation is evident in the mild to profound hearing loss categories and pure
tones compared to the same correlation in normally hearing ears. It appears from the
data from this study, as well as findings by John & Picton (2000), that the Mf ASSEP
technique ‘favors’ pathology in the prediction of accurate hearing, certainly in mild and
moderate hearing loss. Picton et al. (1998) offer some explanation for this phenomenon,

which is also evident in their clinical studies using Mf ASSEP.

They considered three possible reasons for this occurrence, the first being unfavorable
signal-to-noise ratios as a possible explanation, yet dismissed on the basis of their use
of soundproofing in all testing conditions. The signal-to-noise dilemma is more evident
in data of normally hearing subjects recorded when the pure tones are collected in quiet
rooms (rather than soundproof rooms) favoring the Mf ASSEP, masking as a mild

hearing loss with recruitment (Picton et al., 1998).
As a secondary consideration, age was examined. Hood (1998) reported relatively

consistent evoked potential recordings in the age range of 10-60, but the onset of

191

‘© University of Pretoria



ded

ﬂ UNIVERSITEIT VAN PRETORIA
" UNIVERSITY OF PRETORIA
Q¥ YU

NIBESITHI YA PRETORIA

presbycusis in the fourth decade of life may have some impact. In the current study no
age effects were evident in the normal or abnormal categories across test procedures.
Subjects were between 18 and 38 years of age in the normally hearing group, and

between 12 and 21 years of age in the experimental group.

The third and most likely contributory factor is offered by Picton and colleagues, namely,
the influence of recruitment and the concomitant presence of abnormal tuning curves. In
order to evaluate this possibility, the characteristics and pathology of recruitment should

be considered in greater detail.

Loudness recruitment is defined as abnormally rapid growth of loudness with increases
in stimulus intensity (Hallpike & Hood, 1960), creating a significant shrinking of dynamic
range (area between threshold and levels of loudness discomfort). Inversely, it refers to
responses attaining recognition at closer intensities to threshold than in normally
functioning ears (Picton et al., 1998). Historically abnormal loudness growth has been
attributed to an abnormal increase in firing rate once the neural threshold of the
damaged cochlea was exceeded (Henderson et al., 1994). Salvi et al. (1983a,b) tested
the hypothesis of discharge-rate levels from a large sample of auditory fibers obtained
from chinchillas that were subjected to noise exposure of 95 dB SPL in the 0.5 kHz
region for five days. Threshold elevations of 30-60 dB were recorded in comparison to
baseline threshold data of animals that have not been exposed to the noise. The
significant threshold shift did not alter the discharge rate-level functions. Kiang et al.
(1970) as well as Harris & Dallos (1978) confirm these findings. Both studies concluded
that abnormal rate level functions of single auditory fibers do not account for loudness

recruitment.
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Kiang et al. (1970) and Harris & Dallos (1978) base the occurrence of loudness
recruitment on the manner in which the total amount of neural activity increases with
stimulus level, described as the “rate at which new neurons are recruited into the
population of neurons as intensity increases” (Henderson et al., 1994:48). This
hypothesis leans on the presence of abnormal tuning curves in the damaged cochlea
(Kiang et al., 1970). The tuning curve lacks the high sensitivity tip at a particular
frequency and now exhibits a similar shape to a Bekesy traveling wave, usually affecting
low frequencies more than high frequencies. While the distorted tuning curves maintain
their high frequency cut-off slopes (Picton et al., 1998) the use of dichotic multiple stimuli
may cause interference of low frequencies with high frequencies as a result of the
distorted tuning curves. While this phenomenon is present in normal cochleae at high
intensities, it occurs in cases of sensorineural hearing loss close to minimum response

levels (Kiang et al., 1970; Picton et al., 1998).

The use of the concept sensorineural when referring to recruitment is, however, opaque.
There are significant differences between clinical symptoms of sensory, i.e. cochlear
damage (recruitment for example) and retrocochlear pathology (Hall, 1992; Hall &
Mueller, 1997). The literature does not indicate this distinction and merely differentiated
between conductive middle ear pathology and sensorineural pathology. The distinction
between sensory and neural needs to be drawn when discussing the possible causes of
recruitment in damaged cochleae, especially because Henderson et al. (1994) offer the
involvement of the central auditory pathway as another possible contributor to loudness

recruitment, disrobing it as a purely cochlear phenomenon.

Recently research on animals, employing evoked potential measurements, suggests

involvement of the central auditory pathway in loudness recruitment ascribed to loss of
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inhibition functions in the central pathways (Salvi et al., 1991; Henderson et al., 1994).
Evoked potentials were recorded in animals following intense exposure to 2 kHz pure
tone stimuli. As expected, amplitude reductions of the compound action potential as well
as from recordings of the cochlear nucleus, were evident. Recordings from the inferior
colliculus, however, revealed loss of sensitivity after exposure, but with an enhancement
of the amplitude of the evoked response to extensively larger values than normal,
occurring in the lower frequency regions. The alteration of the balance of excitation and
inhibition in the central auditory neurons sheds light on the enhancement Salvi et al.
(1991) describe units in the cochlear nucleus and inferior colliculus which have single
tone inhibitory side bands surrounding the response area of a particular tuning curve,
limiting the maximum discharge rates of a neuron at high intensities. Following noise
exposure, these inhibitions are selectively eliminated by the trauma resulting in an
increase in the firing rate of neurons evident in the larger evoked response amplitudes
observed. Based on the animal model, it is, therefore, conceivable that loudness

recruitment may have contributions from the central auditory pathways.

The current study limited subjects to those exhibiting clear signs of sensory hearing loss,
and no additional pathology was considered. The exploration of the presence of
retrocochlear nerve damage, evident in auditory neuropathy, or of complications caused
by conductive pathology, is clearly indicated in subsequent clinical studies. The influence
of these conditions on the accuracy of hearing prediction using Mf ASSEP has yet to be

determined.

6.3.1.4.3 The presence of spurious responses
One of the negative consequences of automatic response detection is the consideration
of noise as a signal also described as ‘spurious responses’ (Picton et al., 1998). This
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implies that a response is recognized by chance, thus defeating the whole purpose of

automated response detection.

in the current study spurious responses that occurred in two of the cases will be
discussed in the concluding section of the chapter. The occurrence was well within the
acceptable norms as described by Picton et al. (1998), namely, that a spurious response
may be expected in one in every twenty. Herdman & Stapells (2001) report three out of
120 responses to be detected by chance, while Rance, Rickards, Briggs & Cone

Wesson (2001) report six out of the 368 responses to be spurious.

In order to confirm the truth of a response, Picton et al. (1998) propose greater clinical
use of the phase information provided by Mf ASSEP. Responses tend to rotate
clockwise, with decrease in intensity and decrease in phase delay occurring as the
phase becomes smaller. At low amplitude response levels the phase information may
therefore present a solution to chance detection (Dobie & Wilson, 1994) as the onset
phase should be smaller than those recorded above threshold levels and in the case of
spurious responses, the onset phase may be larger. Picton et al. (1998) were able to
explain most of their chance responses in this manner with the exception of one

instance.
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audiometry is unavailable or unreliable (Gorga, 1999; Hall, 1992; Hood, 1998). This may
have led to a slight underestimation of high frequency hearing sensitivity. The Mf ASSEP
control data minimum response levels were at 33,34,32 and 30 dB HL (standard
deviation of 11) at 0.5,1, 2 and 4 kHz respectively (see Table 5.1). The introduction of a
correction factor may have suggested the recession of minimum response to levels well
within normal limits except for 0.4 kHz namely 13,16, 17 and 26 dB for 0.5,1,2 and 4
kHz. The standard deviation of 11 does, however, provide the range for minimum
response levels to indicate pathology. The use of the normative data without standard
deviation is, therefore discouraged, as the underestimation of threshold and the neglect
of the use of residual hearing can become a threat in difficult-to-test populations. The
need for increasingly larger samples in research categories is clearly indicated in normal
and pathological groupings. Moreover, the introduction of a standard deviation
necessitates the use of clinic specific norms, and not only the use of existing literature

data without reduplication of the complete research set-up.

The preceding discussion has dealt with the various impacting factors on the results,
such as transducers, electrode placement, testing environment, patient age and
calibration for example. Results obtained at threshold level are often influenced by all of
these factors, and any decrease in intensity further complicates matters. The
introduction of pathology on this set-up further encumbers the situation. Every care
should, therefore, be taken to ensure a solid normative base to work from, using the
identical set-up to the research set-up, rather than over reliance on literature data
without specifying differences in the methodology. Too often the methodology is not

clearly documented in the data files, which further aggravates the situation.
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Although Mf ASSEP is not a test of hearing per se, the results can be presented as an
audiogram in dB HL. Because of the nature of the stimulus and the unquestionable
frequency specificity of Mf ASSEP potentials, the introduction of an audiometric format is
justified, especially in difficult-to-test populations where this procedure may be the only
threshold information available. It must, however, be defined as an electrophysiological
audiogram to ensure differentiation from the pure tone audiogram. Because of the
implications of an electrophysiological audiogram, the use of standard deviations is
encouraged to ensure that that the range of the responses is taken into account and that

the inferential nature of the data is reflected.

Another issue related to the display of results is the use of conversion to ensure identical
psycho-acoustic parameters. There are clear differences between sound pressure level
and decibel hearing level, and these two measures should not be confused. Especially
when two evoked potential measurements are utilized, in particular, care should be
taken to ensure comparative psycho acoustic parameters and to have these conversions
clearly documented. In the current study, all results were converted to hearing level and

audiometrically represented with specific symbols.

Finally, once the data have been displayed, the accuracy of the procedure in reflecting
the degree and the configuration needs to be determined. In conclusion, the accuracy of

the evoked potentials employed in this study can be summarized as follows:

e The click ABR did not represent the extent to which cochlear pathology affected the
audiogram. While the click ABR was able to provide some insight into high frequency
residual hearing, it did not address the characteristic configurations allocated in the
study, nor did it reflect the overall degree of hearing loss. These findings are
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consistent with the literature (Rance et al., 1995; Hall & Mueller, 1997; Hood, 1998;
Oates & Stapelis, 1998; Gorga, 1999). Because click-evoked ABRs are often
insensitive to low frequency hearing impairment, alternative techniques are
necessary (Hall, 1992:349). For this reason, the use of click ABR alone is
discouraged by researchers and clinicians and is well documented.

One option is to elicit the ABR with low frequency tone burst stimulation or toned
stimuli in notched noise (Hall, 1992:349. Tone burst was included in the current
study to provide some indication of certainly the low frequency (0.5 kHz tone burst)
information (Stapells, Picton, Durieux-Smith, Edwards & Moran, 1990). The
combination of the click and tone burst stimuli enabled a more accurate
representation of the configuration of hearing loss at a high and a low frequency
point on the estimated audiogram.

The accuracy of the Mf ASSEP minimum response levels was not affected by
configuration of hearing loss and, while some minor discrepancies existed, the actual
hearing curve of the data could be approximated. The Mf ASSEP was, furthermore,
highly sensitive to variations in degree of hearing loss, and the minimum response
levels were a close approximation of the pure tone thresholds across the frequency

range.

The enquiry of this research endeavor was to determine whether the Mf ASSEP

threshold estimates could translate into accurate hearing estimates when compared to

pure tone audiometry and ABR protocol. The answer to this question is in the affirmative

— dichotic Mf ASSEP was able to provide accurate approximations of the degree

and configuration of hearing in normal and pathological ears when compared to

pure tone audiometry. Compared to the ABR protocol, more frequency specific
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Ir this chapter, the results obtained form the control and experimental groups of the
s udy have been interpreted and integrated into the existing body of literature on the
c inical validity of Mf ASSEP as a pure tone threshold predictor. Aspects that were
¢ msidered were the stimulus presentation method, the nature of the stimulus, and the
tEchnique employed to evoke the potentials from the EEG. The chapter concluded with a

dscussion of detection methods at minimum response levels as well as a discussion of

| Dne of the most important features Olscientific research is the detection
O errors. The writer believes that positive results and failures should be
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CHAPTER SEVEN
CONCLUSION

INTRODUCTION: THE PREMISES UNDERLYING THE RESEARCH PROCESS

Tlis study consisted of two components: a literature review and an experimental

c>mponent. The theoretical framework was developed as a basis for the empirical

rESearch. Based on the theoretical review, the following premises were constructed to

d 'ive the entire research process, and are summarized as follows:

1

No single test is able to provide an audiologist with an accurate description of
hearing ability in any patient (Hall, 1992) and therefore a test battery approach is
necessary to assess auditory function at several levels for hearing assessment
(Jerger & Hayes, 1976; Hannley, 1986).

As an extension of the test battery, a complex test set should be performed to
ensure reliable cross-verification  or cross-check of hearing description (Hannley,
1986). Results are never accepted as conclusive proof of type, or severity of
pathology unless verified by at least one additional test. These tests may be
divided loosely into tests that objectively comment of influences on the ear, such
as immittance and acoustic reflexes, and tests that comment on actual hearing
ability, such as pure tone and speech audiometry.

"The tried and tested pure tone test remains the gold standard of hearing

throughout the world, and we see no replacement for it on the horizon" (Katz:
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2002:4). The pure tone test is considered the most time efficient, accurate tool to
profile hearing at barely audible levels as a function of frequency in the co-
operative patient.

There are, however, patients unable to co-operate under standard testing
conditions, in which case, the pure tone test, which relies heavily on patient co-
operation, is rendered useless or incomplete (Balfour at al., 1998).

During hearing assessment of these patients, objective testing procedures are
utilized to categorize hearing, namely, auditory evoked potentials. These tests are
defined as testing procedures that require no voluntary response from the patient
(Hall, 1992; Hood, 1998) and will inferentially guide a clinician to determine
whether normal or abnormal function of the auditory system exists. Within these
testing procedures, the test battery approach and the cross verification of results
still apply.

The Auditory Brainstem Response test procedure is generally accepted as the
most commonly used evoked potential technique utilized in the categorization of
hearing across a frequency spectrum when conventional testing is invalid (Katz,
2002). However, the Auditory Brainstem Response has persistent
limitations, such as incomplete knowledge about and availability of the latest
masking, stimulus and filtering techniques. The ABR is considered time
consuming when frequency specificity is attempted across the frequency spectrum
(Weber, 1994), further aggravated by the high-level expertise requirement for
software manipulation and waveform analysis (Kimura, 1985).

Recently, a new evoked potential technique has been described, the Auditory
Steady State Evoked Potential (ASSEP), a continuous tone, amplitude-
modulated at a frequency that provokes a SSEP at the frequency of modulation
(Rickards & clark, 1984; Chambers et al., 1986). For audiometric purposes,
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SSEP have some advantages over ABR. The measurement is an example of
true objectivity (no response is required from the patient and no interpretation is
required from the researcher); frequency specific stimuli are utilized in any state of
wakefulness, while results may be presented as a conventional audiogram (Lins et
ai., 1996).

The collection of ear specific threshold estimates with evoked potential techniques
is time consuming (at least 48 tracing per subject). Lins & Picton (1995) propose
the use of multiple amplitude-modulated tones. In this scenario, four
frequencies can be simultaneously explored in both ears reducing the
procedure to approximately eight recordings for an entire 'audiogram' (Lins &
Picton, 1995; Lins et ai., 1996, Perez-Abalo et ai., 2001).

Clinical validation has been limited to normally hearing adults (Aoyagi et ai,
1994), well babies and small numbers of hearing impaired subjects (Cohen et ai.,
1991; Rickards et ai., 1994; Rance et ai., 1998; Perez-Abalo et ai., 2001).

No comparison has been attempted between the SSEP and other short
latency evoked potentials that are currently used with high frequency, such as

the ABR (Sininger & Cone-Wesson, 2002).

eStuay, ttierefore, a 'empte to aetermine ttie valf Itjana accuracy of

f ASSEP for use in predictinghearing status in comparison to the gold standar

cf pure tone audiometry as well as the evoked potential standard of audito

ainstem response, in a group of normally hearing subjects and a group

a olescents with hearing loss.
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7.2 CONCLUSIONS AND EVALUATION OF THE STUDY

The results of the study will be summarized and conceptualized within the criteria for the
perfect evoked potential, as described by Picton (1991). The goal in this context of
threshold estimation is to obtain an audiogram that provides minimum response levels
as a function of as many frequencies of the pure tone audiogram as possible (or at the
very least of 0.5-4 kHz) (Picton, 1991). In order to meet this demand, an evoked
potential technique should attain certain criteria (Picton, 1991). The performance of the
Mf ASSEP and the ABR protocol utilized in the current study in order to meet these

criteria is presented below.

Criterion 1: The AEP should provide a reasonably accurate assessment of

threshold (Picton, 1991)

Within the control group:

e Mf ASSEP predicted pure tone thresholds within 26 —30 dB of the target levels
across 0.5-4 kHz

e Tone burst ABR estimated the 0.5 kHz thresholds within 26 dB on average

e Click ABR, in comparison to the 1,2 and 4 kHz levels, was within 12 -13 dB.

Neither of the frequency specific measures was able to conclusively differentiate
between normal hearing (0-25 dB) and mild hearing loss (26-40 dB). It can be concluded
that the Mf ASSEP was as accurate as the currently used ABR technique in categorizing
hearing, even with smaller standard deviations. Due to the novelty of the Mf ASSEP
technique, the same consideration was not afforded to the testing parameters as evident
in the large body of literature of the ABR. Three issues in particular require clinical

exploration and verification:
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The use of uniform threshold seeking procedures across test protocols (the use of 5
dB steps at MRLs in the Mf ASSEP protocol)

Uniform acoustic environments (all testing procedures should be conducted in the
same sound proof condition)

Averaging that can be clearly specified and not arbitrarily decided based on

preliminary studies.

Within the experimental group:

Mf ASSEP predicted pure tone thresholds within 14 — 18 dB of the target levels
across 0.5-4 kHz

Tone burst ABR estimated the 0.5 kHz thresholds within 24 dB on average

Click ABR, in comparison to the 1,2 and 4 kHz levels, was within 9 dB of the pure

tone thresholds.

These findings indicate that within categories of sensory hearing loss, the use of Mf

ASSEP provided accurate estimation of hearing at closer approximation than tone burst

ABR, and with increased frequency specificity compared to click ABR. These findings,

however encouraging in terms of the use of Mf ASSEP, cannot be generalized outside

the limitations of this study. For instance, the effect of a conductive or neural component

was not examined. Furthermore, the use of bone conduction in dichotic Mf ASSEP will

remain a remote possibility for some time to come. The Mf ASSEP cannot substitute the

unique contribution of the click ABR in site-of-lesion testing in auditory neuropathology at

present (Sininger & Cone-Wesson, 2002).
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Criterion 2: Changes in subject arousal should not affect the recording of an AEP
(Picton, 1991)

All protocols of the study met this criterion. The early potentials such as the ABR are
quite stable during changes in arousal (Thornton et al., 1984; Picton, 1991; Hall, 1992;
Hood, 1998). This was evident during the ABR protocol and also while using the MF
ASSEP protocol. The current study primarily employed awake adults to ensure reliable

pure tone threshold as gold standard.

Within the awake adult paradigm, the use of middle latency responses, late cortical
potentials and, in particular, the 40 Hz steady state responses would be preferable as all
of these potentials are more robust in adults than in children and adults would not have
maturational effects to accommodate (Rickards & De Vidi, 1995; Rickards, De Vidi &
McMahon, 1996). These potentials were not considered in the current study even though
adults were used. Firstly, the 40Hz response was unavailable on the multiple system
used in the current study. Secondly, even if it had been available, generalization and
comparison to other studies would have been hampered as studies concerned with the
dichotic multiple steady state in adults, particularly the work of Picton and colleagues
(Lins & Picton, 1995; Lins et al., 1996; John & Picton, 2000; John et al., 2001a), only
employed the 80 Hz response without exception. Thirdly, in the data collection phase of
John et al. (2001a) as well as in the current study, the subjects were encouraged to relax
and even fall asleep to ensure the least amount of physiological noise during recording,
contra-indicating the use of middle and late latencies due to the effect of arousal on
these potentials. Fourthly, the use of the 80 Hz response is further motivated by the fact
that patient state could not be controlled in the current study due to the particular testing
environment of the study - the researcher and equipment were separated from the
sound proof booth where the subject lay. In compensation cases, particularly in industrial
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audiology, future research should explore the accuracy of these measures compared to

the 40 Hz response and the late cortical responses.

Criterion 3: AEP recognition should not be influenced by age (Picton, 1991)

Age did not have an effect on either of the evoked potential protocols. This can be
ascribed to the careful control of age variation in the control and experimental group
between the ages of 12-38 years. Furthermore, the auditory brainstem response shows
recognition at all ages, despite developmental changes in the first 18 months of life for
the ABR (Hecox & Galambos, 1974). Presently ABR can currently be recorded in all age
groups, with maturity and stability between 10-60 years of age (Hood, 1998). The effect
of maturation on a dichotic steady state protocol has not been explored in research and
is clearly indicated. Based on the findings by Rance et al. (1995), the 80 Hz monotic
steady state protocol demonstrates clinical accuracy in screening and diagnosing of
hearing loss in infants and young children. Similar research needs to be conducted for
the multiple technique, as it would provide a novel view of the perceptive development of
the human in the presence of complex stimuli other than speech. A practical concern in
this regard would be to ensure that the electrode placement in the muitipie technique,
(usually centered around Fz, Cz and Oz) would have to reconsidered to accommodate

scalp development and protection of the fontanel in infants and babies.

Criterion 4: Responses should be present at all frequencies of the pure tone
audiogram (Picton, 1991)

The use of Mf ASSEP enabled the meeting of this criterion in the control as well as the
experimental groups. Absent responses in this test condition were, without exception,
indicative of profound hearing loss far more representatively than the ABR protocol as a
result of the higher output capabilities of the Mf ASSEP equipment and the absence of
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interfering artifact. It would be prudent, however, to consider the audiogram
configuration at these high intensities to reduce the risk of noise exposure in cases
where the spread of residual hearing is predominantly intact in the lower or mid

frequencies (Picton, 2001).

The use of tone burst ABR in the low frequency region (0.5 kHz) also met the criterion,
and inferentially it can be assumed that tone burst ABR across the frequency range
would rise to the task in a similar fashion. However, the limitation of maximum output in
the ABR protocol limited its accuracy in the profound and even the severe condition —
the high intensities required in these testing conditions caused high levels of electrical
artifact, making wave detection difficult. Furthermore within the normal group and mild
hearing loss category, the range of tone burst ABR MRLs were present, but not as
diagnostically reliable, as these two categories had similar tone burst MRLs. As
expected, the click ABR failed to meet this criterion and merely provided evidence for
high frequency hearing sensitivity aided by the use of headphone transducers (Hall,

1992; Hood, 1998).

Criterion 5: The perfect AEP should measure response levels that are specific to
different frequencies on the audiogram (Picton, 1991)

The use of the Mf ASSEP technique offered frequency-specific response levels, as
clearly evident in the accurate translation of pure tone threshold within the various

manipulations of audiogram configuration in the experimental group of the study.

The tone burst was more frequency specific, although the spread of energy to adjacent
frequencies, the latency jitter evident, low frequency responses at high intensities, as
well as the brevity of the stimulus as such, reduced the specificity when compared to a
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pure tone threshold at 0.5 kHz (Lins & Picton, 1995). Click ABR, however, did not

provide frequency-specific results (Starr, 1998).

In summary, it can be concluded that the Mf ASSEP is able to meet all clinical criteria as
proposed by Picton (1991). However, in a clinical context, two issues, additional to those
proposed by Picton (1991), need to be considered in order to provide an audiologist with

an optimally functioning assessment tool in difficult-to-test populations.

In a clinical context, the criteria for the ‘perfect’ evoked potential should be augmented to

include two additional parameters:

Additional criterion: The perfect AEP should provide clinicians with sufficient
diagnostic information within a clinically viable time frame as specified by the
work setting.

The ABR time frame did not include waveform analysis. Within the control group,
therefore, the use of Mf ASSEP enabled the collection of more frequency specific
information in a shorter period, without the additional burden of subjective waveform
analysis. In the experimental group, more data could be collected within 30 minutes with
Mf ASSEP than using the ABR protocol. The Mf ASSEP is therefore able to provide

sufficient diagnostic information to incur further diagnostic procedures and rehabilitation.

Additional criterion: The perfect AEP should be able to identify sites for further
diagnostic investigation.

Threshold prediction should not be confused with site-of-lesion testing. The Mf ASSEP
has proved to be a valuable diagnostic tool in threshold prediction, and, within the
limitations of the study, indicative of an improvement over the existing ABR protocol.
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Currently, its role in site-of-lesion testing is surpassed by the clinical utility of a click
ABR. As Burkard & Secor (2002:234) state: the ABR is useful for differentiating
conductive, sensory-neural and retrocochlear disorders”. It still provides a relatively
inexpensive alternative to MR in the early stages of the diagnostic regimen. Particularly

in the description of unusual auditory findings, the clinical utility of the ABR is high.

An example of this application is observed in the assessment of auditory neuropathy

(AN) as described by Starr et al. (1996) and Hood (1998). Subjects presenting with this

affliction often exhibit:

e Absent or abnormal ABR’s;

e in the presence of normal cochlear functioning as measured by OAE or Cochlear
Microphonic;

e absent acoustic reflexes; and

e speech recognition scores poorer than predicted from the pure tone threshold levels.

The diagnosis of this phenomenon is primarily based on the results obtained using
several different evoked potential techniques (OAE, ABR and the like) as measures of
function and not on diagnostic imaging procedures (Burkard & Secor, 2002, emphasis

mine).

The increasing emergence of descriptions of AN brings to the surface some questions
about the compounding of site-of-lesion as either conductive or sensorineural. The
difficulty with sensorineural is created by the amalgamation of two crtically different
impairments into one, exposing diagnostic procedures to misinterpretation (Katz, 2002).

Katz (2002:8) states, “often when a referral source sees that the person has a
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sensorineural loss, he or she is relieved that it is not retrocochlear. It surely could be.
“‘We recommend a retum to the term sensory-neural, or for even greater clarity,

sensorylneural.”

While this suggestion seems viable, it must be noticed that within the same text, in a
later chapter, Burkard & Secor (2002) can be quoted refuting Katz's exact point by
differentiating between sensory-neural and retrocochlear, even though the hyphenated
form was used. When diagnosing auditory neuropathy Starr (1998:35) states that “the
concept of sensorineural hearing loss can now be disentangled into sensory hearing loss
or a neural hearing loss. We will need to develop methods to parcel out the relative

contributions to the disorder of the two processes (sensory versus neural)”.

The click ABR is in the unique position of assisting the disentangling of symptoms and
providing differential diagnostic site-of-lesion information in all subjects who present with
unusual standard audiometric findings. The Mf ASSEP, at this moment in time, fails this
critical criterion of a perfect evoked potential because of its inability to provide clinicians
with site-of-lesion information, and hence cannot be performed alone. However, it must
be considered that the body of literature of scientific clinical knowledge on dichotic Mf

ASSERP is still limited.

7.3  IMPLICATIONS OF THE STUDY

It cannot be disputed that audiology, which is a relatively new science with its origins in
the denouement of World War Il, has found its niche within the health care professions
(Katz, 2002). Not only have great stridles been made in terms of elevation of
rehabilitative processes and education, but also in the ever increasing effectiveness of
diagnostic processes to explore auditory problems. Although the common focus of the
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field has been clinical in nature and concerned with the person with hearing loss, the
branches of audiology have extended to impairments like tinnitus, balance and central
processing. Operating rooms, environments concerned with variations of surgical
monitoring, and even courtrooms, are increasingly becoming practicing grounds for the
audiologist. The education of students, other professions, employers and even
communities are occurring at a steady pace. Clinical entry levels are constantly being
revised and elevated and with the introduction of the Au.D the field has demonstrated

that it is a vital contributor to both the medical and psycholinguistic fields of study.

Finally, audiologists are constantly involved in research endeavors to extend underlying
concepts of audition and related processes. Research is undertaken to provide small but
significant pieces to the puzzie of hearing. The complexity of the ear, its mechanism and
composition are explored within the boundaries provided by equipment, subjects and
current understanding of audition in its many forms. While most of speech recognition
and discrimination necessitates supra-threshold intensity levels, most of the diagnostic
research endeavors focus on barely audible levels of pure tones in an attempt to control
and manipulate at least some of the multitude of variables influencing communication in

real life situations.

Within the standard audiometric diagnosis, pure tones are still the cornerstone, even
though the use of linguistic material (speech) remains the ultimate measure of the
severity of communicative impairment in the presence of hearing loss. In other words,
the function of hearing is a communicative one — to enable a listener to attend to speech.
The ultimate diagnostic tool will be required to assess the total hearing mechanism with
stimuli corresponding to speech sounds. In difficult-to-test populations, the paradox is
somehow softened as the use of speech material and the subjective experience of the
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patient are rendered inconclusive for the applicable characteristics of insufficient co-

operation (age, mental ability, physical limitations, psychological state).

This study aimed at the prediction of threshold using a new technique for application in
patients unable to co-operate within the traditional testing paradigm dominated but not
exclusively occupied, by the pure tone test. It is in the evoked potential reaims in
particular that the hand of technology has touched audiology. Objective measures have
evolved from inferential measures of neural synchrony, susceptible to changes in subject
state and age, into sophisticated measures of frequency specific hearing estimators
applicable to subjects of all ages and stages of wakefulness. With the introduction of the
Mf ASSEP, the elimination of subjectivity in waveform analysis has elevated the
electrophysiological tools of hearing prediction into a truly state-of-the-art bio-

technological innovation.

This study utilized two of the state-of-the-art techniques in predicting threshold, namely,
dichotic Mf ASSEP and ABR. The privilege of being able to explore these exciting
frontiers of diagnostic audiology places an enormous responsibility on the shoulders of
researchers, not to experience a false sense of security with the sudden availability of
sophisticated objective techniques, but rather to have a clearly defined understanding of
the persistent limitations of the use of new techniques like Mf ASSEP in hearing

prediction.

The implications of the study as a clinical tool have already been discussed. However,
the final assessment of the research results can best be determined within a framework
based on the words of George von Bekesy (1960:7-9) when he states: “When in a field
of science a great deal of progress has been made and most of the pertinent
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variables are known, a new problem may most readily be handled by trying to fit it
into the existing framework. When, however, the framework is uncertain and the

number of variables is large the mosaic approach is much easier”.

In the scientific assessment of AEP’s most of the pertinent variables are known. Age
effects, wakefulness effects, stimulus effects, transducer effects, filters and masking
options, the evoking of responses within the time and frequency domains and the
variation within the normal and impaired populations have been clarified with steady
exploration over 30 years, especially within the ABR protocol. The advantages and

disadvantages of the ABR are, therefore, well documented.

It therefore seems to be possible to handle a new problem within the existing framework,
as Von Békesy suggested. The clinical validity of the Steady State technique was
addressed within the existing framework of the limitations of an ABR protocol during
threshold prediction. Even though the two evoked potential techniques were not directly
compared prior to this study (Sininger & Cone-Wesson, 2002), the literature indicates
that the steady state technique is able to provide more frequency specific information,
without subjective interference and in a shorter period of time. This study seemed to
prove the above statement when using Mf ASSEP with normally hearing subjects as well

as with subjects with sensory hearing impairment.

Caution against over generalization should be stringently applied at this juncture and
Von Bekesy’s (1960) suggestion of a mosaic approar:ch is, therefore, valuable. The
first justification for a mosaic approach is that, although most of the influencing variables
on evoked potentials are known, they have not been solved or optimally accommodated
in existing test protocols (Hyde, 1991). Secondly, even though a new technique such as
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behavioral information. However, an evoked potential crosscheck, apart from the
behavioral crosscheck, is a particularly vital suggestion. To provide site-of-lesion
information not obtainable form Mf ASSEP to date, other evoked potentials like OAE,
Cochlear Microphonic (CM) and click ABR should be introduced on a routine basis
during the electrophysiological test procedure component of diagnosis to cross-check
sensory pathology (OAE and CM) and to determine neural status of a retrocochlear
nature at the time of testing (Hood, 1998; Hall, 1992). Any omission in this regard could
be interpreted as unaccountable service delivery and not directed at the patient’s best

interest.

7.4 RECOMMENDATIONS FOR FUTURE RESEARCH

7.4.1 Research aimed at enhancing clinical utility of the Mf ASSEP technique:

¢ The development of an assessment protocol which clearly defines the accepted
ranges of averaging, and permissible noise levels within the same testing
environment

¢ The exploration of the clinical utility of the 40 Hz response steady state technique
and late cortical potentials in comparison to the 80 Hz steady state technique in the
multiple condition in threshold estimation in adults

¢ The effect of maturation on the processing of infant and babies using complex stimuli

¢ The exploration of the differential diagnosing possibilities of the steady state

technique in conductive pathology, neural pathology and central auditory pathology.

7.4.2 Further investigation into the use of complex stimuli in hearing prediction:
Decreases in testing time should not allow researchers to overlook some of the other

critical benefits that may be gleaned from the complex nature of the stimuli. While the
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primary focus of the later development of the Mf ASSEP had been to estimate threshold
in a shorter period of testing time, it is important to consider other possibilities of the
multiple stimulus condition in the field of audiology. The use of this type of complex
signal may be extremely useful in the attempt to predict actual hearing in cases where
pathology is present. Picton et al. (1998) report the absence of a response in the
muitiple condition in one case, but the presence of the response in the single condition.
Both these levels were above threshold. The abnormal high frequency elevated that was
detected can, in fact, represent the actual hearing of the individual. They argue that the
pure tone can be audible in the absence of competing signals, but the muitiple ASSR
can allow for the real world experience, namely, the occurrence of multiple frequencies
simultaneously. What Picton and his colleagues did not comment on, however, is the
inclusion of algorithms to allow for different intensity, simultaneous testing levels at

different frequencies.

7.4.3 The use of Mf ASSEP as an instrument in hearing aid fitting:

The use of Mf ASSEP as a measure of functional gain can be extremely useful in
pediatric hearing aid fitting. A hearing aid is ill equipped to handie rapidly changing
acoustic stimuli utilizing onset responses without distortion, and the nature of the
stimulus is far removed from the continuous and complex nature of speech stimuli. The
regular repetition of the ASSR stimuli, which stabilizes after initial stimulation, provides
constant amplitude and phase information over time at the signature carrier frequencies.
The nature of the Mf ASSEP stimuli makes distortion by amplification unlikely (Regan,
1989; Picton et al., 1998).
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7.44 The use of Mf ASSEP and further delineation of frequency and place
perception of the cochlea:
The dichotic use of multiple stimuli offers research opportunities to explore and further
delineate the frequency and place analysis of sound on the basilar membrane,
particularly at ever increasing intensities and also within the presence of pathology like
recruitment and other forms of abnormal loudness growth. Within the clinical domain, the
interactions seem not to affect the results with any significance, as was evident in the
current study, however, the clinical consideration that is foremost deals with the caution
that needs to be exerted when presented complex stimuli at high intensity levels. From a
clinical point of view, it would be interesting to determine pure tone thresholds after

exposure to Mf ASSEP within the pathological population as proposed by Picton (2001).

7.5 FINAL COMMENTS

It is vital in accountable service delivery that audiologists develop “decision protocols
that link various test procedures in a consistent and structured way* (Hyde: 1991:25).
AEPs offer a variety of procedures to accomplish this goal, and, within the context of this
study, the Mf ASSEP technique offers a more accurate and time efficient method of
threshold estimation across degree and configuration of sensory/neural hearing loss
than the ABR protocol. It also introduces the use of complex stimuli in threshold
prediction and in doing so simulates the exciting world of audition in a more

representative way than clicks and tone bursts (Picton, 1991).

In clinical practice, the underlying assumption should, however, be that there is no best
test for all objectives and circumstances (Picton, 1991). Thus, deliberate caution should
be exercised against the pre-occupation with a single test, albeit accurate, objective and

quick, as it would ultimately not be in the patient’s interests. According to Hyde (1991),
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this implies that assessments ought to include more than one AEP measure instead of
the indiscriminate application of a single test procedure. Hence, Mf ASSEP threshold
prediction should be routinely augmented with ABR procedures for further delineation of
neural influences as the “effect of selective lesioning of the auditory pathway upon
SSEPs has not been determined, nor have neuropathology variables been explored”

(Sininger & Cone-Wesson, 2002:311)

It can be concluded that the Mf ASSEP will make valuable contributions to the test
battery, but it should not in any way replace the range of additional AEP procedures
necessary to explore the complexities of the human ear and hearing mechanism in
normally hearing and ears with hearing loss or the application of this battery in an
inquiring and evaluative frame of mind. As Hyde (1991:25) states eloquently: “Perhaps
the most important thing is to be fully aware of the cause and extent of

deficiencies in protocor'.
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Data from the group with normai-hearing-
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Case Age

1

2

10

11

12

13

14

16

17

18

19

20

311

18.5

22.74

29.12

26.42

20.04

21.79

27.36

20.67

25.54

22.92

27.1
34.68
19.99
18.56
18.23

18.82

Gender Ear 0.5kH 1kHz 2kHz 4kHz 0.5kHz 1kHz

1

2

1
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5
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5
5
10
0
0
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0
0
10

N
(=]

-
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20
15
0

o
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- e
oo

an
40
50
30
40
20
40
40
10
10
40
30
20
20
30
20
30
50
30
20
30
30
30
30
20
20
30
40
30
40
40
60
30
30

an
30
30
30
40
30
40
40
20
30
30
20
20
20
50
30
20
50
20
30
30
10
30
20
30
40
30
30
50
50
40
40
50
30

(03 g

SSR

2n
20
20
20
20
20
50
40
30
20
30
20
20
20
30
30
30
50
50
50
10
20
20
30
30
30
20
40
30
50
40
30
50
30

an
20
30
30
40
30
40
50
20
10
30
30
30
30
10
10
30
30
30
40
10
20
30
30
40
30
30
40
50
20
30
10
50
50

ABR-TB ABR-Clic
2kHz 4kHz 0.5kHz

4an
30
40
10
60
20
30
30
40
40
30
20
10
20
20
20
10
40
40
10
10
10
10
10
20
20
40
20
10
20
20
40
10
10
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2-4kHz

2n
20
10
10
30
10
30
30
10

5
20
20
10
20
20
20
10
10
15
20
10
20
20
10
20
10
20
10
10
20
20
10
10
20

PT

Testing time
SSR ABR
17 25 54
17 25 28
17 32 37
17 22 24
17 21 19
17 24 16
17 25 23
17 29 22
17 17 20
17 27 22
17 14 22
17 19 27
17 42 25
17 19 32
17 25 17
17 52 25
17 21 23
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2
23
24
27
28
29
30
33
35

36

17.82

31.16

26.09

31.76

37.93

34.53

34.3

22.89

17.44

21.52

23.89
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50
50
50
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40
30

20
40
60
40
40
30
50
40
30
30
30
30
40
40
30
20
20
30
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40
20
30
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20
20
30
50
30
20
50
40
40
40
30
20
40
30
30
20
30
30
30
40
30
30

30
2n
10
40
50
20
20
0.999
20
40
20
40
40
20
40
30
50
60
50
60
60
60
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10
4vf\
10
10

20
20
40
10
20
20
10
15
10
20
20
10
20
10
20
20
10

17

17

17

17

17

20

18

16

12

19

25

25

15

14

19

24

16

17

14

26

25

39

29
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Data|from the group with hearing loss
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Case Age Gender Ear Degree
E0O1  17.71 2 2
E002 17.24 ;
E003 16.9 ;
E004 16.73 ;
E005 18.36 ;
E006 18.8 ;
E007 18.38 ;
E008 17.57 ;
EO09 13.09 12
EC10 17.71 ;
EO011 16.26 ;
E012 15.17 ;
E013 16.84 ;
E014 16.68 ;
E0O15 18.12 1 ;
E016  14.51 ‘2\;\
E017 15.59 2 ;
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SSR

ABR-TB

ABR-Click

Testing time
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0.5kH 1kHz 2kHz 4kHz 0.5kHz 1kHz 2kHz 4kHz 0.5kHz SSR ABR

1 4R 4an 4n AN an 7n 7n 7n an &n

1 40 40 35 35 70 70 60 60 90 40 20 24 19

2 30 45 45 50 40 100 70 60 60 80

2 40 65 60 55 80 70 80 70 0.999 80 20 28 18
“ 45 45 45 40 0.999 60 60 0.999 50 40

1 55 45 60 65 80 0.999 0.999 0.999 60 90 20 13 33

1 80 65 75 65 85 85 0.999 80 95 85

4 85 85 75 65 90 0.999 95 80 100 90 20 25 24

2 40 65 80 70 50 80 90 70 0.999 80

2 30 45 65 55 50 70 70 70 65 60 20 48 56

4 95 90 85 70 85 0.999 0.999 90 0.999 90

1 80 75 80 80 0.999 95 0.999 95 0.999 85 20 16 19

6 25 25 55 65 40 80 70 60 60 50

6 10 10 45 60 30 40 60 80 60 70 20 47 28

6 50 40 60 70 50 50 50 50 60 85

3 45 40 40 55 80 50 60 g5 80 60 20 33 25

1 20 40 25 25 50 40 20 20 50 30

4 30 40 20 10 40 40 40 30 50 30 20 44 34

4 50 45 30 20 50 70 80 60 70 30

4 105 105 75 70 80 80 90 0.999 0.999 80 20 43 30

1 80 75 75 75 80 90 90 0.999 70 85

1 85 85 95 85 %0 100 100 0.999 80 105 20 19 17

2 50 7% 110 110 70 100 0.988 0.999 0.999 65

2 55 80 115 105 80 0.999 0.999 0.999 0.999 95 20 21 24

) 15 25 50 35 30 40 70 50 30 40

6 10 35 25 35 30 30 50 50 50 40 20 23 26

3 25 35 80 85 30 60 90 100 60 95

3 30 30 80 70 40 60 90 90 50 70 20 38 31

5 45 95 90 80 80 100 0.999 0.999 80 85

2 55 80 100 105 80 0.999 110 110 0.999 0999 20 27 19

2 35 55 70 70 45 65 65 85 40 90

2 35 50 70 70 45 95 95 95 70 70 20 21 19

2 60 70 110 0.999 70 80 0.999 0.999 80 95

3 55 60 105 115 70 60 0.999 110 0.999 7% 20 19 19



(03 g+

1 4 2 40 75 85 105 60 0.999 100 90 70 105

EO018 16.91 2 0 1 5 5 5 0 40 40 50 40 50 50 20 34 17

- a —‘- B [ an o Tn ANnK nn 4NN on n non ~_hnnn - 7E

E019 16.48 2. 5 1 115 115 0.999 0.999 0.999 0.999 0.999 0.999 0.999 106 20 17 25
1 1 3 0 10 60 90 0.999 60 90 100 20 40

E021 13.52 2 0 3 0 5 10 75 50 50 30 110 60 90 20 43 25
1 4 1 85 90 80 70 100 90 110 90 90 65

E022 12.82 2 5 5 95 70 105 0.899 80 0.999 0999 0.999 100 95 20 33 21
1 5 1 100 105 110 0.999 80 110 110 0.999 0.999 106

E025 21.04 2 5 3 65 110 115 120 80 0.998 110 0.999 80 0999 20 19 11
1 5 1 110 110 110 110 0999 110 105 0.999 120 0.999

E026 19.03 2 5 1 105 105 95 0999 0999 110 100 105 0.999 106 20 10 14
1 0 1 20 10 20 30 30 40 40 50 40 30

E027 17.57 2 5 1 95 95 95 110 100 110 80 110 0.999 8 20 37 25
1 5 1 105 105 105 0999 100 100 0.999 0.999 0.999 85

E028 18.69 2 5 4 110 110 95 100 110 0999 110 0.999 0.999 0998 20 12 9
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Effe :kt of gender

Beh: ivioural threshold at:
Mf A bSEP MRLs at:

ABR [Click MRL:

ABT Tone burst MRL at:
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0.5 kHz p-level:

1.0 KHz
2.0 KHz
4.0 KHz
0.5 kHz
1.0 kHz
2.0 kHz
4.0 kHz

0.5 kHz

2377
.0054
.0188
.0000
.0364
.3702
1107
.0261
7130
0193
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Insignificant
Significant
Significant
Significant
Insignificant p<.01
Iinsignificant
Insignificant
Insignificant
Insignificant
Insignificant
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Appendix B: ABR data analysis for threshold estimates
INDIVIDUAL FORM

Code: N/ E

Ear:|1(left) or 2 (right)

Minimum levels

ABEF| click:

ABF| tone burst:

Confidence rating:

INTIERRATER FORM

Code: N/E

Ear: 1(left) or 2

(riglit)

Minmum levels | Rater 1 Rater 2 Rater 3 Average

ABF| click:

ABF| tone burst:

Confidence

rath p_g
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Apppndix C: Informed consent letter
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(0% gt
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University of Pretoria

Pretoria 0002 Republic of South Africa Tel (012) 420-2357 /
420-2816 Fax (012) 420-3517  http://www.up.ac.za

January 12001 Department of Communication Pathology
‘ Speech, Voice and Hearing Clinic
Dear ‘}ir / Madam

Thank you for showing interest in this research project being conducted at the
Hearirg Clinic, Department Communication Pathology at the University of Pretoria.
The Audiology Department is very excited about the arrival of the Audix Steady State
Respoirse Evoked Potential equipment, a state-of-the art objective hearing
evaluation procedure. We are currently undertaking the clinical trials of the
equiprpent and we need your assistance. We need to establish norms on normally
hearing as well as hearing impaired ears and we kindly ask you to participate in our
study.

Procec|ure
You will undergo a standard hearing test with air and bone conduction. In the case
of you making use of amplification, we will only determine unaided thresholds.

An Auditory Brainstem Response test will then be conducted. No response is
requir¢d during this testing procedure. You will simply be asked to lie down on a bed
with thiree electrodes attached to your head and insert earphone in you ears.

The lajt test will be conducted with the Audix equipment. No response is required
during ldthis test procedure. You will simply be asked to lie down on a bed with three
electrcides attached to your head and insert earphones in your ears.

All three procedures are non-invasive and only one procedure requires subjective
respor|ses. The entire test battery should take approximately one and a half hours to
complfte. All acquired information will be stored on a database and treated as
confidpntial and no names will be used. At your request, a copy of your resuilts will
be matle available to you.

Thank you for your assistance.
Should you require any additional information, you are welcome to contact us.

Yours sincerely

Prof. René Hugo Me Dunay Schmulian Mr De Wet Swanepoel
Reseaich Supervisor Researcher Researcher
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(02};\?

REPLY SLIP
University of Pretoria
Department Communication Pathology

Surnarne: Name:

Date of Birth:

Age:

First language:

Occup Ftion:

Contact numbers:

Pleasci complete the following where applicable

How k‘ng have you had a hearing problem?

Do yoti know the cause of the hearing problem?

Do yoil wear hearing aids?

If so, how long have you been making use of hearing aids?

Do you work in a noise environment?

If so, ab you wear hearing protection?
1

i

L

———

(state full name) hereby

consent to participate as a research subject in the clinical trials of the
Audi:i Steady State Evoked Potential equipment at the Hearing Clinic,
Depaftment of Communication Pathology at the University of Pretoria. 1
unde fstand that the information will be used for research purposes only

and i} confidential.

Signature Date
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