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SUMMARY



SUMMARY

.

This thesis investigates the application of steady state
responses to averaged electroencephalographic audiometry (AEA).
Steady state responses may be obtained using either amplitude
m&dulated or frequency modulated stimulation. In both cases
the stimulus variables are modulation frequency, modulation depth,
carrier frequency and stimulus intensity. Other variables include
the number of samples used to compile the average, the stimulus
presentation (i.e. monaural or binaural), and the subject state
(e.g. awake or under sedation). The effect of these parameters
on the responses to both amplitude and frequency modulated
stimulation has been investigated for normal hearing adults and
children.

For amplitude modulated stimulation the effect of modulation
frequency exhibits a large degreé of inter-subject variability,
while the response behaviocur as a function of the other parameters
does not. The optimal conditions for audiological assessment have
been determined for all parameters with the exception of modulation
frequency, which is a function of the individual. TFor frequency
modulated stimulation, the inter~subject variability is small, and
optimal conditions have been determined for all parameters.

The steady state response thresholds to both amplitude and
frequency modulated stimulation have been determined for adult and
child clinical subjects, These thresholds were compared with the .
behavioural thresholds obtained using conventional audiometry. The
responses to amplitude modulated stimulation may be obtained at
20 dB above behavioural threshold, and those to frequency modulated

stimulation at 40 dB above behavioural threshold.

(xvi)



Some of the relationships between the two forms of steady
state response, the transient response, and the electroencephalogram
have been investigated, and the advantages and disadvantages of the
steady state responses as an audiological technique have been

discussed.
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INTRODUCTION



INTRODUCTION

The detection of hearing loss at an early age is important as
it enables prescription of an appropriate hearing aid and the
provision of special educational facilities. When these courses
of action are properly pursued, the patient has a significantly
greater chance of acquiring a normal language function and benefiting
from the educational opportunities our society provides.

‘When an infant shows no behavioural response to a sound
stimulus, it is difficult to decide whether the child is really
suffering from a defect in the auditory pathway, or whether the
absence of a response is due to brain damage, mental retardafion
or psychosis. Evoked potentials may be used to perform Electric
Response Audiometry to assess the hearing of these patients. This
thesis describes a refinement of the technique of Averaged E,E.G.

Audiometry and assesses its value in the detection of hearing loss.,

(xviii)
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CHAPTER 1 ‘ , 1

Electric Potentials in Audiology

1.1 Conventional Audiometry

The standard procedure in the assessment of hearing acuity is
the pure tone threshold audiogram, which is obtained by presenting
to the subject under test a series of pure tone stimuli of either
descending or ascending intensity until the subject indicates the
thréshold of perception for that frequency (1, 2, 3). This procedure
may be automated to scan through both frequency and intensity under
the control of the patient to produce a Bekésy audiogram (4).

In all cases the procedure is critically dependent upon the
ability and willingness of the subject to indicate the perception
or otherwise of a given sound stimulus., This may range from control
of the scanning mechanism in a Bekesy assessment, to participation in
an identification experiment when dealing with young children (5, 6).

In some cases either the ability or the willingness to perform
this task is absent, and assessment may only be achieved using a
method which does not rely on the active co-operation of the subject
under test, The group unable to co-operate consists mainly of infants
and young children, and those unwilling to co-operate consist mainly
of older children or adults with non-organic hearing loss.

Reflex reactions to acoustic stimuli may be used for assessment.
One common method of infant assessment is the location reflex. The
reflex response to high intensity stimuli of the stapedius muscle in
the ossicular chain changes the compliance of the tympanic membrane,
and this change may be measured with an acoustic impedance bridge (7,
8).

The.electrical activity associated with the coding of a sound
stimulus in the auditory pathway has received widespread attention and

it is the measurement of these potentials to perform electric response



audiometry that provides the majority of the techniques of objective |

audiometry.

1.2 Electric Response Audiometry

An acoustic stimulus is transmitted to the cochlea via the
ossicular chain where it is converted into electric impulses in the
eighth nerve. From here, via the centres in the brain stem, and up
to Fhe auditory cortex, that stimulus is represented as a change in
electrical potential in each of the relevant structures. Electric
response audiometry seeks to measure and identify these potential
changes and in particular to establish the auditory threshold from
the threshold of the electric response,

At the peripheral section of the pathway, the eighth nerve action
potentials are investigated to assess cochlear function; this technique
is known as electrocochleagraphy (9, 10). At the cortical level of
the pathway, the changes in the electroencephalogram (EEG) produced
. by a sound stimulus may be measured, leading to the technique of averaged
electroencephalographic audiometry (AEA), which forms the basis for this
thesis. Of course the activity from intermediate levels of the pathway
may be measured; a description of the available electric potentials is

given by Davis (11).

1.3 Averaged EEG Audiometry (AEA)

The technique of averaged EEG audiometry uses as an indicator of
auditory function, the mean change in an EEG channel in responsé to a
series of sound stimuli., It is net possible to use the change in the
EEG produced by a single sound stimulus as this is smaller than the
magnitude of the ongoing EEG. Typically the ampliiude of the BEG change may.

be between zerc to 10 uV depeunding on the intensity of the stimulus.

To extract the required signal (i.e. the resvemse) From the



signal averaging is used, enhancing theose portions of the signal
which are time-lockea to the stimulus. The principle of signal
averaging has been established since the early nineteenth century,
but it was the demands of radar during the last war which forced the
necessary technological development. A statistical treatment of
signal averaging is given in Appendix 1.

A series of sound stimuli (typically 50 tome bursts of about
300 ms duration) are presented to the subject at intervals of about
one every twe seconds. The corresponding fifty sections of EEG
activity (each segment is usually one second in length) are summed
and normalised in the averager. Thislaveraginﬁdevice then contains
the change in the EEG due to the sound stimulus. For the reasons
given in Appendix 1, the average always contains some residual EEG
activity as well as the response component.

Figure 1.1 shows an idealised response waveform, with no residual
noise component, and a real response., The four principal components
are conventionally labelled Pl, N1, P2 and N2 (12). There do exist
earlier components in the response which occur prior to Pl (13) but
it is the later components which received the primary application in
threshold determination.,

To establish a threshold using the responses, the stimulus
intensity is successively decreased until the response waveform is
no longer present. As the intensity is decreased, the amplitude of
the response decreases and the latency increases (14, 15, 16), TFigure

.
1.2 illustrates the change in the response as the intensity is
decreased from well above threshold to a level where tﬁe response can
no longer be easily recognised.

Exhaustive tests have been performed using ABA. Its place in

-y

audiological assessmert e established {17, L5, i®) theugh there are

problems in its appil.ation. Sewe of these will! L2 dizcussed in the
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next section. One particular success of AEA has been the assessment
of non—-organic hearing 1633 in older children and adults (20).

There is no a priori reason why the threshold of detectability
of the averaged EEG response should be the same as the behavioural
threshold to the stimulus. In fact it is found (21, 22) that the
electrophysiological threshold is about 10 dB less sensitive than the
behavioural threshold. This is thought to occur due to the difficulty
in recognising the presence of the complex response waveform in
residual EEG activity at low stimulus intensities where the residual

activity may be as large as, or larger than, the response.

1.4 Problems with Averaged EEG Audiometry

The problem of recognition of.the response pattern in residual
EEG has been mentioned above. Other problems arise from the nature

of the subjects to whom AEA is most applicable.

A great many referrals consist of young children under five years
of age, where the form of the response may differ markedly from the
adult waveform (23, 24), usually but not always having the later slowér
components prevailing. Fig. 1.3 shows responses from eight children
between the ages of 2} and 4 years old. The waveform for each child was
found to be stable for each individual over the course of at least three
days. The inter-subject variability is clearly demonstrated and many
responses differ markedly from the adult response (shown in Figure 1.1).
Thié variability enhances the problems of response recognition. Also the
fact that the ongoing EEG activity in younger subjects is significantly
greater than for adults, leads to a larger component of residual EEG in
the final average.

Another problem in the assessment of young children is their lack
of co-operation, in that excessive movement may make impossible recognition
of any response present, due to large muscle potentials or eye movements

for example. This is illustrated in Fig. 1.4, where A is the normal
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response from an adult in a relaxed sitting position. In B the same
adult mimics a hyper—active child by crying and excessive head movements.
This may be seen to overwrite any response. In C the adult blinks
throughout the test session and in D talks continually., Also the degree
of attention paid by the subject to the stimulus may affect the response
(25, 26).

In an attempt to minimise any movement artefact, a sedative may be
administered. However, this raises the problem that the action of the
sedative may itself affect the response (27, 28, 29, 30, 31). There is
no general agreement on the optimal sedative or on detailed effects, as
the reaction seems to be very much related to the individual.

The end result of the above difficulties is that AEA carries
significantly less reliability when applied to children (21, 32) than

to adults.

1.5 Techniques to improve averaged EEG audiometry

The effectiveness of averaged EEG audiometry may be improved by
(a) rejection of large voltage and other artefacts in the ongoing EEG,
(b) better recognition of the response by more sophisticated analysis,
and (c¢) improvement of the response itself by alteration of the sound
stimulus,

Movement artefacts and eye blinks are characterised by large
voltage swings in the EEG. It is possible to pre-set limits on the input
to the averager so that only EEG signals which are within these limits
are used to compile the avefage, and all large excursions thus omitted (33).

The difficulty in recognising the response in residual EEG can lead
to a large degree of inter and intra-observer variation (34), even when
the tests are performed on a group of co-operative adults. The variation
may be significantly larger when dealing with children. To counter this,
several methods of machine scoring and template analysis have been

developed (35, 36) to remove the need for a subjective observer decision.



Thése methods necessarily involve complex computer techniques, as the
response they try to recognise is itself complex.

A tone burst may not be the most effective means of eliciting a
response. Averaged EEG responses to frequency change (rather than
loudness change) have been investigated (37, 38, 39) with encouraging
results and Spoor et al (40) have used bursts of intensity modulated
and frequency modulated tones.

In all these techniques the fundamental problem remains, that the
response 1s not amenable to analytical description, and because of its

complex nature, is difficult to identify.

1.6 Steady State Potentials

Steady state potentials are e;icited by continuously presenting to
the subject a sinusoidally modulated stimulus, whence the response takes
the form ofva periodic signal whose fundamental (first harmonic) is at
the frequency of modulation. Steady state potentials to visual stimuli
have been extensively investigated, and a comprehensive review is given
by Reagan (41).

Transient evoked potentials (i.e. potentials evoked by a series of
tone bursts or clicks for auditory stimulation) are elicited by stimuli
that are sufficiently widely spaced for the system to be regarded as
returning to rest between each stimulus. In fact transient evoked
potentials may be regarded as- elicited by a continuously presented
carrier (in this case a pure tone) which is square wave modulated at a
slow rate., It is usual to describe a transient evoked potential in
terms of the amplitude and latency of the different recognisable
components of the waveform (e.g. Pl, N1, P2‘and N2 of Figure 1.1).

Transient evoked potentials to repeated stimuli overlap to an
increésing degree as the stimulus'repetition rate (that is, the
modulation frequency) is increased. At sufficiently high mcdulation

frequencies no individual response cycle may be identified with any



individual stimulus cycle. This situation is referred to as "steady-
state”" and it is no longer appropriate to describe the response waveform
in terms of the latency of its components (i.e. describing the response
in the time domain). It is more suitable to describe the ?esponse in
terms of harmonics of the modulation frequency (i.e. describing the
response in the frequency domain).

. It is convenient to use a harmonically simple (e.g. sinusoidal)
stimulus waveform, as any higher harmomics (i,e. any non~linearity)
are then due to the pathway under investigation. The analysis of a
repetitive (i.e. periodic) waveform in terms of its harmonic components
is known as Fourier analysis, and a description of this technique is
given in Appendix 2. TFourier analysis provides a precise description
of the steady state waveform in terms of both amplitude and phase, and
the waveform may be described as a linear sum of sinusoidal terms.

The frequency F Hz (the modulation frequency) at which the waveform
repeats itself is the fundamental or first harmonic and the higher harmonics
are multiples of F, Results using visual stimulation (42) have shown that
only a small number of harmonics (as low as 2 in some cases) may be
required to describe the evoked potential waveform and, if similar results
occur using auditory stimulation, the waveform may be simply described
in analytical terms.

Acoustically evoked steady state potentials have been reported in
dogs (43) and in two human subjects (44). In both cases the results

are very similar to those obtained using visual stimulation.

1.7 Plan of Investigation

The aim of the investigation 1s to assess the applicability of
acoustically evoked steady state potentials to audiometric assessment.
Some of the problems encountered ﬁsing transient stimulation have been
described, and the potential advantage of the steady state situation

is that the response waveform takes the form which may be more readily



described in analytical form. This means that the observer is

able to more easily construct definitive criteria when faced with

the problem of recognition of a response waveform in residual noise.
When using transient stimulation, both an intensity change and

a frequency change evoke a response (37), and it is therefore likely

that both intensity (amplitude) modulation and frequency modulation

can evoke a steady state response. Optimal stimulus parameters such

as modulation frequency and modulation depth require to be determined,

and the ability'of the responses to predict behavioural threshold

investigated. Younger children will still requitre sedation; therefore

the effect of sleep inducing drugs should be known. The following

chapters attempt to provide answers to these unknowns.
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CHAPTER 2 9

Experimental Technidues

2.1 Introduction

Two forms of stimulus presentation are used; a sinusoidally
amplitude modulated pure tone and a sinusoidally frequency modulated
pure tone. A trigger signal at the frequency of modulation is
provided to construct a single cycle average for on-line analysis,
and'the EEG signals and the trigger are recorded on a tape recorder

for later analysis.

2.2 .Stimulus Generation

(a) Amplitude modulated tone:— A block diagram of the system
used for the amplitude-modulation (A.M.) experiments is shown in Fig,
2.1. The modulator is based on a Silicon General SN3402N integrated
circuit, arranged so that stable operation is achieved in the range
250 Hz to 8000 Hz for the carrier frequency and 4 Hz to 20 Hz for the
modulation frequency.. The modulation depth is variable from 0% to
1007 in steps of 10Z by switching a pre—set potentiometer network. The

'

carrier signal is derived from a Bruel and Kjaer beat frequency oscillator,
and the modulation sinusoid and trigger square wave from a Hewlett Packard
3300A function generator. A Brookdeal 9421 phase shift module is built
into the modulator input to ensure a constant phase relationship between
the modulated output and the trigger signal. 1In fact the phase difference
between the two signals was set to zero.

The modulated signal is monitored on an OSCilloSc;pe and delivered
to the subject via the external input of an Amplaid audiometer to
calibrate the appropriate stimulus intensity in terms of dB HTL (Hearing
Threshold Level),

(b) Frequency Modulated tone:- The system for the experiments

using frequency modulation is shown in Fig. 2.2. The external frequency
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modulation facility on the Bruel and Kjoer oscillator is used to achieve
the required modulation. Again the modulation signal and trigger are
provided from the Hewlett Packard function generator, and a stable phase
relationship between the modulation and the trigger is established. A
Kay Sound Spectrograph (Sonograph) is used to monitor the modulated
signal and measure the modulation depth. An auxiliary loudspeaker output
from the Amplaid audiometer is fed back to the compressor input of the
beat frequency oscillator via a condensor microphone to ensure that the
sound pressure ievel delivered to the subject remains constant. This is
necessary as some of the components in the system have a non-linear
frequency response kfor example, the external amplifier on the audiometer),
and a constant sound pressure level is required to differentiate between

evoked potentials to intensity and frequency change.

2.3 Acquisition of the EEG

The subject is isolated as far as possible from the experiment, and
is asked to sit and read quietly in a sound reduced room, from material
of his own choice. Silver-silver chloride cup electrodes are used to
derive an EEG signal from the vertex with reference to mid-line on the
forehead., A ground electrode is placed on either mastoid. A Medelec
pre—amplifier is placed close to the subject and the EEG is filtered to
pass frequencies in the range 3.2 Hz to 64 Hz. The EEG signal is recorded
on a Racal T3000 FM tape recorder run at a speed of 1 i.p.s. The trigger
signal is also recorded and a voice channel is added to aid identification
of the experiment.

For some of the experiments, multi-channel recordings were required.
In this case a Type T Offner electroencephalograph was used to derive the

EEG signals which were then recorded on an Ampex SP300 tape recorder.

2.4 On-line Analysis

The on-line analysis is performed as an indication of the suitability



Ll

of recordings for further study, and in the case of the preliminary
experiments, as a check that responses are actually being elicited.

The Medelec evoked response system is used to monitor the averages
obtained. The trigger signal is used to set the averaging time
(commonly referred to as the "window") equal to one period of the
modulation signal, and hence trigger the averager once for every cycle
of modulation. The averages generated are referred to as "single cycle
éverages". As well as the normal average, a second channel in the
Medelec system is used to generate a "plus-minus" average (45). A more
detailed treatment of this procedure and the electronic circuit to
perform the function are given in Appendix 3. Briefly, it is a measure
of the residual noise after averaging and is comstructed by alternately
adding and subtracting the sections of EEG in the averager, rather than
simply adding in the sections, as in the normal average.

Thus two averages are available, one consisting of response plus
residual noise (the normal average) and one consisting of residual noise
(the plus-minus) (*) average. Examples of single cycle averages for
both the normal and plus-minus averages are shown in Fig. 2.3. It is
possible to compare the two types of average for significant differences
to see if any response is present.

All preliminary experiments were performed using averages constructed
from 1024 cycles of modulation, which gives a theoretical improvement in
signal to noise ratio of v1024. An automatic rejection device is built
into the averager so that sections of EEG containing large voltage

excursions are not included in the final input to the averager.

2.5 Off-line Analysis

Further analysis is performed on a Digital Equipment PDP12 computer.
Single cycle averages are obtained in the same manner as the off-line
analysis, with the square wave from the tape recorder acting as a clock

signal to both set the averaging window and initiate the input to the
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averager for each cycle of modulation,

To obtain a periodic signal suitable for frequency analysis, the
single cycle averages are repeatedly played into the memory core until
a signal equivalent to four seconds duration is obtained. These
averages are referred to as ‘'periodic averages". This procedure is
very similar to that employed by Rodenberg et al (44). TFor example,
at a modulation frequency of 10 Hz, forty single cycle averages are
répeated to form a four second long periodic signal. Examples of
sections of these periodic averages are shown in Fig. 2.4, for both
the normal average and the plus minus average.

The periodic averages are analysed into their harmonic components
using a Digital Equipment fast Fourier transform and display program
(FFTDEAE) which describes the waveform in terms of the amplitude and
phase of a series of sinusoids, (Appendix 11). Examples of the amplitude
components are shown in Fig. 2.5 for the two types of average for subject
A, For the normal average the first harmonic is clearly the principal
component. The amplitude of the first harmonic is calibrated in uVv
using a test sinusoid.

An approximation to the response spectrum alone may be obtained by
subtracting the noise spectrum (the plus-minus average spectrum) from
the response plus noise spectrum (the normal average spectrum). Fig. 2.6
shows the variation of the amplitude of the'first harmonic with modulation
frequency for subject A for (a) the uncorrected spectra (i.e. the spectra
of the normal average) and (b) the corrected spectra (i.e. the subtracted
spectra). It can be seen that the effect of applying this simple
approximation is to remove some of the irregularities in the frequency
response curve, The variation of the first harmonic with modulation

frequency will be discussed in detail in Chapter 3.

2.6 Artefact Considerations

It is important to ensure that the potentials evoked are not the
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result of some equipment, or other artefact. The sound reduced room
used for the experiments is not electrically shielded so there exists
the possibility that the potentials could be produced by spurious
electric pick-up. Also vibrations of even theoretically non-polarisable
electrodes have been known to induce spurious signals,

To test for any artefact, a dummy head was constructed from plaster-
of-paris. Electrodes were placed on the skull and connected in a triangle
with 5 Kohm resistors to mimic typical values achieved in practice.
Headphones were.fitted and the skull stimulated at various modulation
frequencies with a stimulus intensity of 110 dB H.T.L. This was the
maximum available ffom the audiometer and was chosen as the worst possible
case of interference from either electrical or vibrational sources. The
averages were constructed as previously described and no signal was
visible at the frequency of modulation.

Further tests were performed on a volunteer subject with total
bilateral hearing loss. The normal averages and plus-minus averages were
again constructed and no significant difference between the two was found
for all the modulation frequencies. This experiment also demonstrates
that the plus-minus average is a reasonable measure of the noise present
in a normal average; in a situatioq where no signal component is present,
the two averages give statistically similar results.

These experiments indicate that the potentials found are due to
electrical activity associated with a functioning auditory system and not

the result of interference in the instrumentation.
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CHAPTER 3 14

Steady State Potentials and Amplitude Modulation

Stimulus Parameters

3.1 Introduction

This chapter describes the effect of stimulus parameters relevant
to audiological assessment on steady state potentials elicited by a
sinﬁsoidally amplitude modulated stimulus. A group of six normal hearing
adults and two children, aged 6 and 11 years, were investigated over a
périod of eight months. Each subject underwent at least five experimental
sessions, not less than two weeks apart. A further four children, aged
between two and five years, participated in limited studies to determine

the differences between the respomnse behaviour for adults and children.

3.2 Preliminary results

Some examples of responses have been shown in Chapter 2 for purposes
of illustration. Preliminary experiments indicated that, as with using
visual stimulation (41), maximal responses are obtained in the region of
modulation frequency between 5 Hz and 15 Hz. It is also found that, as
most of the response is concentrated in the first two or three harmonics
of the Fourier description, it is reasonable to describe the respomse
wave forms in terms of their sinusoidal components. It must be stressed
however that there is no a priori reason that the response should in fact
be a series of sinusoids, as any periodic waveform may be thus described.
As the early harmonics of the response dominate, the bandwidth of the
EEG was reduced from 3.2 Hz + 64 Hz to 3.2 Hz = 32 Hz. For normal hearing
subjects no differences were found between monaural and binaural stimulation,
and all experiments reported in this chapter were performed using binaural
stimulation. Preliminary results indicate that the response waveform

(that is the amplitude and phase of the Fourier components) is dependent




on (a) the frequency of modulation
(b) the modulation depth
(c¢) the carrier frequency
(d) the number of samples, N, used to compile the average, and
(e) the intensity of the sound stimulus,
For the eight principal subjects experiments are performed in which
(a) the frequency of modulation is varied between 5 Hz and 15 Hz,
" (b) the modulation depth is varied from 0% to 100%Z,
(c) the carrier frequency is varied from 500 Hz to 4000 Hz,
(d) the number of sweeps N is varied from 100 to 5000,
(e) the peak intensity of the stimulus is varied from behavioural

threshold to 80 dB HTL.

3.3 Effect of Modulation Frequency

The modulation depth is set at 50%, (Section 3.4), the carrier
frequency at 1000 Hz and the peak intensity at 70 dB for all the experiments
in this section. The number of samples in each of the averages is 1024.
There are found to be large and consistent inter-subject differences in
the relation between the response and the modulation frequency. The
results are therefore presented separately for each subject and the

differences and similarities summarised at the end of the section.

(i) Subject A.

This subject is one of the normal hearing adults and Fig. 3.1
shows the variation with modulation frequency of (a) the amplitude of
the corrected first harmonic; (b) the amplitude of the corrected second
harmonic and (c¢) the phase of the first harmonic.

The higher harmonic components of the response waveform were not
present to a,signifiéant degree.

" The amplitude of the first harmonic is sharply dependent on the

modulation frequency with a maximum response of about 2.5 pV around 10.5 Hz.
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There is very little second harmonic present and it exhibits no clear
dependence with the frequency of modulation, The phase of the first
harmonic changes slowly with modulation frequency except near the region
of maximal response where it exhibits a rapid phase change of about 180°.
These characteristics are almost identical to those reported using visual
stimulation. The means and standard deviatioﬁs shown in Fig. 3.1 are
constructed from six experimental sessions, and clearly indicate the
stability of the response behaviour within the subject.

It has already been illustrated (see Chapter 2) how the simple
correction applied, smooths the form of the amplitude characteristic.

(Fig. 2.6).

(ii) Subject B.

This subject is also an adult, and Fig. 3.2 shows the variation
with modulation frequency of (a) the amplitude of the correction applied
to the first harmonic, (that is, the first harmonic of the plus—minus
average) (B) the amplitude of the corrected first harmonic and (c) the
amplitude of the corrected second harmonic. For reasons of brevity
these three variations will be referred to as "amplitude characteristics",
A, B and C respectively. The results are compiled from a series of five
experimental sessions.

Again the first harmonic is the principal component, although on
this occasion it's maximum is 1.5 pV with a centre frequency of 9 Hz,
The proportion of the second harmonic is about 25% at 9 Hz and tends to
decrease with an increase in modulation frequency. It should be noted
that owing to the smaller amplitude of the response the correction applied
is correspondingly larger in relation to the response and even at 9 Hz
(the maximal response) is of the order of 30%. This may be important when
the response is used for threshold determination. As with Subject A, the
response characte?istics are stable with time, and a similar phase

characteristic is observed.
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(iii) Subject C.

This subject is aged 6 years and the amplitude characteristics
A, B and C described for Subject B are shown in Fig. 3.3. The first
harmonic exhibits a peak respomse at 12 Hz with a maximum amplitude
of 3.5 V., The width of the amplitude characteristic is significantly
larger than for the two previous subjects, with a significant response
obtainable at all modulation frequencies between 8 Hz and 14 Hz.

| There is an appreciable amount of the second harmonic present in

the response, which at 12 Hz is approximately 45% of the first harmonic.
Also the form of the second harmonic characteristic tends to follow that
of the first harmonic. There was no evidence of third or higher harmonic
components, As before, the characteristics are stable within the subject
and a phase change similar to that described for Subject A is observed.
In this subject the correction applied to the first harmonic (characteristic
A) is small relative to the amplitude of the first harmonic, and as

previously, does not seem to depend on the amplitude of the elicited response,

(iv) Subject D.

Subject D is a normal hearing adult and the amplitude characteristics
A (the correction applied to the first harmonic) and B (the corrected first
harmonic), and C (the corrected second harmonic) are shown in Fig. 3.4.

Two regions of response, which are sharply frequency dependent, are apparent,
centred around 7 Hz and 14 Hz. The response at 7 Hz is approximately 2 uVv
and at 14 Hz is 1 uv.

The correction applied to the first harmonic is of similar magnitude
to the corrected value in the higher region of response with modulation
frequency. Clearly the lower response region at around 7 Hz would be used
in any audiometric assessment.

The seéond harmonic component is clearly present and mimics the
behaviour of the first harmonic, with two response regions. The response

characteristics are however relatively less sharp with modulation frequency
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and the amplitude of the two peaks are of similar magnitude.

A plot of the phase of the first harmonic as a function of modulation
frequency is shown in Fig. 3.5 for this subject. This exhibits a phase
of'1800 around each of the regions of response and indicates that the two
response regions are each behaving in a similar way to the single regions
reported for Subjects A, B a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>