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ABSTRACT

ABR wave I and wave V intensity-latency and intensity-
amplitude functions and loudness estimation functions were
obtained from eight normally hearing and eight hearing
impaired listeners in a sound field situation. Data were
collected from the hearing impaired listeners under three
conditions of amplification: none, amplification with
compression circuitry, and linear amplification. ABR
and loudness functions were examined to determine if a
relationship existed between the electrophysiological
and psychophysical data. It was also determined if the
use of compression amplification caused intensity
functions generated by hearing impaired listeners to
normalize.

When comparisons of F values were made, none of the
ABR data produced the same statistical results across
amplification conditions as the magnitude estimation data
and no clear relationship was inferred. Although data
from compression aided hearing impaired listeners tended
to approach mean values of the normally hearing group,
analysis of variance revealed that statistically
significant differences existed between groups for three
of the dependent variables. In the case of the other two
dependent variables, no statistically significant
differences existed, but statistical non-significance

also occurred when the hearing impaired listeners were



unaided. Correlational analysis revealed high correlations
between magnitude estimation and wave V amplitude (r=.73)
for normally hearing listeners and between magnitude
estimation and wave I amplitude (r=.73) for compression
aided hearing impaired listeners. The strength of these
correlations, however, would not permit the use of either
ABR intensity-amplitude function to predict loudness growth.
Although this study did not rule out the use of the ABR
test procedure to fit hearing aids, assumptions about aided
loudness perception should not be made based on information
from the intensity functions. In a few cases, the ABR
intensity functions appeared to be related to audiometric

contour rather than to loudness perception.
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CHAPTER I

INTRODUCTION

The use of auditory brainstem response audiometry has
been advocated in hearing aid assessment to provide
information relevant to loudness restoration (Cox and
Metz, 1980; Kiessling, 1982; Hecox, 1983; McPherson and
Clark, 1983; and Mahoney, 1985). Various investigators
(Kiessling, 1982; Hecox, 1983; and Mahoney, 1985) have
examined auditory brainstem response (ABR) wave V
intensity-latency (I-L) and intensity-amplitude (I-A)
functions of hearing impaired subjects, and from that
data, have suggested electroacoustic characteristics
thought to be necessary for adequate loudness perception.
However, different investigators (Pratt and Sohmer, 1977;
and Wilson and Stelmack, 1982) have cautioned against the
use of electrophysiological data to predict loudness
growth. Since restoration of loudness is a goal in
hearing aid assessment, continued research is required to
determine if features of the ABR are related to the

loudness growth function.

Hecox (1983) examined suprathreshold auditory function

to characterize dynamic range of hearing by recording ABR
wave V I-L functions. Data were obtained from hearing

impaired adults and children in unaided and aided



conditions. It was suggested that appropriate
amplification caused aided wave V I-L functions to
approach normal values. Hecox assumed that when
abnormally steep I-L functions were made to approach
normal values, loudness growth and loudness perception
would become normalized.

Kiessling (1982) examined ABR wave V I-A functions in
the unaided condition to estimate dynamic range of hearing
in normal and various pathologic ears. In this study
projection diagrams were used to determine dynamic range
of hearing and in the cases of impairment, specify certain
amplification characteristics. The author assumed that
wave V amplitude was correlated with loudness growth and
loudness perception and that an appropriate hearing aid
would allow near normal amplitude values to be recorded.

In a review of current literature in the area of ABR
application to hearing aid selection, Mahoney (1985)
stated that wave V threshold information is of limited
value and did not advocate this measure. He suggested
assessment of gain at a suprathreshold level and
generation of I-L functions using various frequency and
compression settings to establish those which bring the
I-L function closest to normal values. Although he
included the use of the I-L function in his hearing aid
selection procedure, Mahoney noted that the basic premise

that normal I-L slope suggests normal dynamic loudness



function has not been demonstrated.

Different investigations (Pratt and Sohmer, 1977 and
Wilson and Stelmack, 1982) have suggested that there is no
correlation between electrophysiological responses and
subjective responses to changes in intensity. These
investigations were performed to determine if Steven's
power law (1956) which applies to psychophysical
phenomenon also applies to electrophysiological responses.
If some feature of the electrophysiological response
changes in the same manner as the subjective response when
stimulus intensity increases, then the
electrophysiological response could be considered the
neural correlate of the psychophysical response.

Pratt and Sohmer (1977) examined correlations between
intensity functions of ‘the auditory evoked responses and
psychophysical magnitude estimation (ME) functions for
normally hearing young adults. While subjects made ME
judgements of the loudness of various click intensities,
auditory brainstem and cortical responses were recorded.
As click intensity increased ME judgements increased, ABR
latencies for waves I through V decreased and amplitudes
increased. No systematic change in the cortical responses
was noted. Exponents of the electrophysiological and
psychophysical functions were examined to determine if
correlations existed. Although the exponents for the I-A

functions of the ABR waves I and II were similar to the



exponent for the ME function, none of the
electrophysiological exponents showed significant
similarity to the psychophysical exponent. The authors
concluded that the electrophysiological responses which
were examined in this study were not the neural correlates
of the loudness estimate. Referring to a study by Carmon,
Mor and Goldberg (1976), however, they suggested that a
means of determining a better correlation between
electrophysiological and psychophysical measures of
intensity would have responses categorized and averaged
according to the loudness estimate given by the subjects.

Wilson and Stelmack (1982) recorded ABR I-L and I-A
functions for waves I, II, III, V and VI and loudness
estimation functions of normally hearing subjects
listening to click stimuli. Latency decreased while
amplitude and loudness estimates increased at different
rates with increasing stimulus intensity. Exponent values
for the functions of individual subjects were used to
determine correlations, however, none were significant.
The authors concluded that the loudness function was not
reflected in the ABR intensity functions, but noted that
the reliability of their loudness estimates and the
appropriateness of their statistical analyses "may be open
to some question".

Although results of some investigations (Pratt and

Sohmer, 1977; Wilson and Stelmack, 1982) suggest that



there is no correlation between psychophysical and
electrophysiological intensity functions, other
investigators (Kiessling, 1982; Hecox, 1983; and Mahoney,
1985) assume that electrophysiological intensity functions
are related to loudness growth. This assumption may have
originated from the work of Galambos and Hecox (1978).
These authors reported that hearing impaired individuals
exhibiting abnormally steep ABR wave V I-L functions also
had positive signs for recruitment on various
psychoacoustic tests.

It should be noted that no investigation of the
relationship between electrophysiological data and
subjective loudness growth has been performed with
normally hearing and hearing impaired subjects. The use
of hearing impaired individuals exhibiting abnormal
psychophysical and electrophysiological intensity
functions would provide more information about the
relationships between these functions. Variations in the
growth of the responses caused by the introduction of
amplification could be compared to functions obtained in
the unaided condition or to functions of those with normal
hearing.

The purpose of this investigation was to examine the
relationships between ABR wave I and V, I-L and I-A
functions and the ME function of loudness. Specifically,

it was determined if the use of amplification with and



without compression circuitry caused the intensity
functions generated by hearing impaired individuals to
more closely approximate the functions generated by
normally hearing persons. Correlations between ME, I-L
and I-A functions were also examined for normally hearing

and hearing impaired groups.



CHAPTER II

EXPERIMENTAL QUESTIONS

The experimental questions were:
1. Was there a significant difference between the ABR wave
I intensity-latency functions of normally hearing and

hearing impaired individuals?

2. Was there a significant difference between the ABR wave
V intensity-latency fungtions of normally hearing and

hearing impaired individuals?

3. Was there a significant difference between the ABR wave
I intensity-amplitude functions of normally hearing and

hearing impaired individuals?

4, Was there a significant difference between the ABR wave
V intensity-amplitude functions of normally hearing and

hearing impaired individuals?
5. Was there a significant difference between the loudness
growth functions of normally hearing and hearing impaired

individuals?

6. Was there a significant difference between the ABR wave



I intensity-latency functions of normally hearing
individuals, and hearing impaired individuals using

compression and linear amplification?

7. Was there a significant difference between the ABR wave
V intensity-latency functions of normally hearing
individuals, and hearing impaired individuals using

compression and linear amplification?

8. Was there a significant difference between the ABR wave
I intensity-amplitude functions of normally hearing
individuals, and hearing impaired individuals using

compression and linear amplification?

9. Was there a significant difference between the ABR wave
V intensity-amplitude functions of normally hearing
individuals, and hearing impaired individuals using

compression and linear amplification?

10. Was there a significant difference between the
loudness growth functions of normally hearing individuals,
and hearing impaired individuals using compression and

linear amplification?

1l1. Was there a significant correlation between ME and I-A

(Wave I and/or wave V) data for normally hearing subjects?



12. Was

(Wave I

13. Was

(Wave I

14. Was

(Wave I

15. Was

there a significant

and/or wave V) data

there a significant

and/or wave V) data

there a significant

and/or wave V) data

there a significant

correlation

between ME and I-L

for normally hearing subjects?

correlation

for hearing

correlation

for hearing

correlation

(Wave I and/or wave V) data for hearing

using compression amplification?

16, Was there a significant correlation

(Wave I and/or wave V) data for hearing

using compression amplification?

17. Was

(Wave I

there a significant

and/or wave V) data

using linear amplification?

18. Was

(Wave I

there a significant

and/or wave V) data

using linear amplification?

correlation

for hearing

correlation

for hearing

between ME and I-A

impaired subjects?

between ME and I-L

impaired subjects?

between ME and I-A

impaired subjects

between ME and I-L

impaired subjects

between ME and I-A

impaired subjects

5etween ME and I-L

impaired subjects
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CHAPTER III

REVIEW OF THE LITERATURE

A. The auditory brainstem response

With the development of computer averaging techniques
which improve signal-to-noise ratio when rgcording
electrophysiological events, it has become possible to
record the human ABR (Sohmer and Feinmesser, 1967). The
ABR, a characteristic pattern of voltage changes
representing neural activity from the cochlea to the
medial geniculate body, has been shown to be stable,
especially the latency of its components (Buchwald,1983).
This neural response is generated by presentation of a
stimulus which has a very rapid onset or rise time. This
abrupt stimulation causes the nerve fibers within the
auditory nerve to respond in synchrony which gives rise to
the characteristic voltage display. The voltage pattern
has been described as a series of waves which occur within
10 milliseconds after stimulus onset and is labeled with
Roman numerals from I to VII (Jewett and Williston, 1971).

This voltage pattern can be changed with respect to
time (latency) and amplitude as the nature of the stimulus
is manipulated. With increases in stimulus intensity more
neural elements begin to fire and this is reflected in the

ABR by decreases in latency and increases in amplitude.
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The latency decrease occurs because a larger number of
neural elements can carry the impulse more quickly.
Amplitude increases because the larger the number of
neural elements activated, the greater the voltage
produced. It has been observed that the intensity effect
is more variable on amplitude than latency (Picton, et al,
1974; Schwartz and Berry, 1985). When rise time of the
stimulus is prolonged, a shift in latency, but not in
amplitude of the ABR components is observed (Hecox,
Squires and Galambos, 1976). A synchronous neural firing
is necessary to record an ABR and this cannot occur when
rise time is slow. Fall time has no effect on the ABR.
The duration of the stimulus can effect ABR latency and
amplitude, but only if there is insufficient neural
recovery time before the onset of the next stimulus
(Hecox, Squires and Galambos, 1976). Polarity of the
stimulus has been shown to effect ABR latency and
amplitude. Kevanishvili and Aphonchenko (1981l) reported
that for high intensity levels, the amplitude of waves II
and IV were greater with rarefaction clicks while wave V
ampliude was greater with condensation clicks. The
latency of wave I was shorter with rarefaction clicks
while the latency of all other waves was shorter with
condensation clicks. These effects were very small and
Kevanishvili and Aphonchenko (1981) concluded that neural

triggering with rarefaction and condensation clicks
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happens almost instantaneously. The repetition rate of
the stimulus effects both latency and amplitude of the
ABR. As rate increases the latencies of the component
waves increase and the amplitudes, with the exception of
wave V, decrease (van Olphen, Rodenburg and Verwey, 1979).
If increased repetition rate prohibits sufficient neural
récovery time, then asynchrony leads to increases in
latency and decreases in amplitude of the ABR.

Because of the stable nature of the ABR and its
systematic change with changes in stimulus
characteristics, much research and subsequent clinical
application have been carried out., Clinical procedures
utilizing the ABR are used for hearing threshold
assessment, differential diagnosis of hearing disorders,
and otoneurological evaluation (Jacobson, 1985). The ABR
test technique requires minimal patient cooperation and
has been successfully used with patient populations, such
as new born babies or the multiply handicapped, who might
otherwise be regarded as untestable if behavioral test
procedures were employed (Appendix 1).

A recent application of ABR has been made in the area
of hearing aid evaluation. Since recording of the ABR is
not contingent upon patient cooperation, use of this
technique in hearing aid evaluation would allow for
objective measurement of the effects of amplification in

difficult to test patients. To date no definitive ABR
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test paradigm for examining aided performance has been
established, however, certain procedures have been
proposed. Characteristics of the ABR which have been used
to make comparisons between hearing aids include changes
in wave V threshold, wave V latency and wave V amplitude.
Cox and Metz (1980) attempted to correlate wave V
latency values and speech discrimination scores of eight
hearing impaired subjects wearing behind-the-ear
instruments. Wave V latency at 75 dB dial and speech
discrimination scores for N.U. 6 words were obtained with
subjects wearing their hearing aids at a comfortable
listening level. Measurements were repeated with various
frequeﬁcy response adjustments. These data suggested that
the hearing aid frequency response setting which produced
the highest speech discrimation scores also produced the
shortest wave V latency. Wave V threshold was also
examined and the correlation with speech discrimination
data was poor. It should be noted that subjects were
separated into groups according to audiometric
configuration and results were not identical between
groups. An interesting finding in this study concerned
the change in wave V latency when preferred gain setting
was increased 10 decibels. No latency change was measured
and the authors concluded that gain setting could be
determined by finding the point where an increase in gain

did not result in a further decrease in wave V latency.
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Kileny (1982) presented case studies illustrating the
effect of amplification on the auditory brainstem
responses of children. He stated that a hearing aid could
be considered effective 1f it caused an ABR to appear at
stimulus intensity levels where there had not previously
been a response. He noted in one case that after a
certain hearing aid gain level was exceeded, no further
decrease in wave V latency was observed. Since the ABR is
thought to reflect a response from the high frequency
basal end of the cochlea when moderate to high levels of
stimulation are employed, Kileny suggested that damage to
this area would prohibit further wave V latency change
after 41l existing hair cells in that region had been
stimulated.

Kiessling (1982) examined a procedure utilizfng
unaided wave V intensity-amplitude functions to determine
hearing aid gain and compression characteristics. He
assumed that the amplitudes of the ABR waves were
correlated with loudness perception. Wave V amplitudes of
a hearing impaired individual were recorded at several
intensity levels and compared to amplitude norms. The
differences between amplitude values for a hearing
impaired individual and normative amplitude data were used
in an equation to determine hearing aid gain and amount of
compression. It was noted that the amount of compression

derived from the equation was not always available in
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commercially made hearing aids.

Hecox (1983) presented several case studies to
demonstrate the use of the ABR to quantify dynamic range.
Wave V intensity-latency functions were recorded in
unaided and aided conditions. In the aided condition,
subjects wore their hearing aids at their preferred gain
settings. Hecox used the wave V latency values and
descriptive slope of the intensity-latency function to
suggest amount of improvement provided by the hearing aid.
From illustrated case studies several conclusions were
made regarding hearing impaired listeners and their
amplification needs. These were:

1. The 'longer the wave V latency values, the greater the
gain requirements for the hearing aid.

2., The steeper the intensity-latency function, the
greater the chance that compression amplifica-
tion will be needed.

3. In the aided condition, wave V latencies should be
recorded at approximately 6 milleseconds with
stimulus presentation level at 60 decibels.

McPherson and Clark (1983) examined suprathreshold
measures which they felt to be important in hearing aid
selection., They recorded behavioral and auditory
brainstem responses in normally hearing adult subjects
with simulated conductive hearing losses. Behavioral and

ABR data were recorded at threshold, maximum comfort level
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and loudness discomfort level in three sound field
conditions: ears free from occlusion, ears occluded and
ears occluded and aided. Changes in behavioral data
between conditions were not necessarily seen in the ABR
data. For example, a substantial behavioral threshold
shift was seen between the first two conditions while the
wave V latency shift was minimal. This may suggest that
comparison of certain behavioral and electrophysiological
measures cannot be made. Although McPherson and Clark
recognized the limitations of their study, they proposed
that with appropriate amplification, wave V latency at
threshold would occur at 7.5 milleseconds and wave V
latency at maximum comfort level would occur at 6.5
milleseconds; Average wave V latency was at 5.3
milleseconds with clicks presented at loudness discomfort
level and it was suggested that a compression circuit
limit hearing aid output so that wave V latency never
occur at less than that value. These suggested values
were considered inappropriate to use with infants and
neurologically impaired individuals.

Mahoney (1985) summarized various ABR hearing aid
evaluation procedures and suggested an approach which
combined aspects of several procedures. In the suggested
approach gain is set at the point where wave V latency
stabilizes. With the gain adjusted, wave V

intensity-latency functions are recorded at various
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compression settings to determine the amount of

compression which causes the intensity-latency function to
approach normal values.

It was not the clinical procedure described by Mahoney
(1985) that was the most interesting feature of his
chapter, but rather certain clinical observations which
merited his comments. He noted a rollover effect in the
aided condition in which wave V latency decreased with
increased amplification only up to a point, after which
further increase in gain not only stabilized, but caused
wave V latency to increase. Two reasons were given to
explain this observation: As hearing aid output became
saturated, increased gain produced distortion which
degraded the click signal. Degradation caused prolonged
rise time and resulted in increased wave V latency (Hecox,
Squires and Galambos, 1976). This wave V latency shift
might have also been due to electrophysiological
degradation. The cochlea's output might have become
saturated with high intensity stimulation and produced
cochlear overload and reduced neural output. This, too,
would be reflected in increased wave V latency.

In summary, several procedures utilizing the ABR to
fit hearing aids have been suggested, but conclusions
regarding a definitive approach cannot be made at this
time. This is due to limitations of published studies to

date. In all the studies a very small number of subjects
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was used. In fact, Kileny (1982) and Hecox (1983) used

only case studies to illustrate their procedures. The use
of descriptive rather than experimental research designs
limited conclusions made. Descriptive statistics reveal
differences between subjects, but cannot ascertain if
differences are statistically significant or due to
sampling error. In cases where interesting observations
were noted, subsequent studies which would permit
statistical analyses of differences have not been found.

B. Magnitude estimation

Magnitude estimation (ME) is a procedure for measuring
the relationship between the intensity of a stimulus and
the perception of its magnitude. Prior to the development
of this procedure by Stevens (1956, 1955) the assessment
of perceptual magnitudes was accomplished by having
subjects determine when a stimulus appeared half as or
twice as great as a standard stimulus, or at some ratio
with the standard (Kling and Riggs, 1971). It was Stevens
who introduced a procedure which was the inverse of the
method just described. In ME the levels of stimulus
characteristic to be studied are predetermined and the
subject specifies the ratio between them. Although
Stevens applied ME to the measurement of various
perceptions, much of his work was in the area of loudness
perception.

From results of various experiments Stevens (1956,
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1955) determined that when subjective responses were
plotted on a log/log plot they formed a straight line.

This indicated that loudness is a power function of

intensity. It has been demonstrated that other perceptual
magnitudes are also power functions. A general
description for these functions is P = kI“, where P equals

perceived magnitude, k equals a constant, I equals
intensity and n or the exponent indicates slope
(Goldstein, 1980). This relationship is referred to as
Stevens' Power Law.

Stevens (1956) described variations in experimental
procedure, such as the use of only one presentation of a
standard, no use of a standard or presentation of a
standard at the extremes of an intensity range, which
always resulted in the same outcome, that loudness was a
power function of intensity. A later investigation
(Stevens and Guirao, 1964) found that although the
exponent may differ from person to person, the form of the
psychophysical function remained invariant.

The loudness of click stimuli has been investigated
because electrophysiological research using click
stimulation has revealed certain relationships between
neural events and intensity level. A magnitude estimation
study of the loudness of clicks was performed by Raab and
Osman (1962). Subjects listened to presentations of a

single click over a range of intensities from 40 dB to 90




20

dB sensation level. It was found that the loudness of
clicks was a power function of intensity, but click
loudness grew less rapidly than loudness of sustained
stimuli.

In studies of the growth of N1l amplitude, Taub and
Raab (1969) and Charlet de Sauvage and Aran (1976)
reported plateaus in intensity-amplitude functions at
moderate levels. Cazals and Stephens (1975) examined the
loudness of clicks to see if there was a psychophysical
correlate to the N1l amplitude plateau. Loudness functions
were obtained for clicks and tone bursts in normally
hearing subjects using four measurement techniques:
loudness estimation, loudness balancing, loudness
production and reaction time. All four procedures
revealed that the slopes of the loudness functions were
similar. Only the loudness production experiment yielded
some limited evidence of the plateau observed in
electrophysiological tests.

Initially, ME procedures were used to quantify the
perception of loudness in normally hearing individuals.
More recent applications involve the hearing impaired.

For example, Penner (1986) used a ME procedure to evaluate
the loudness of tinnitus in individuals with sensorineural
hearing loss. Another recent application of this
prdcedure has been made in the area of amplification.

Geller and Margolis (1984) questioned the usefulness
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of maximum comfort level (MCL) and loudness discomfort
level (LDL) in hearing aid evaluation procedures. They
cited literature which found that MCL and LDL values
established by a listener could be changed depending upon
the type of stimuli, psychophysical method or instructions
used during testing and that these measures varied
considerably between subjects. They stated that MCL and
LDL were highly variable and represented a limited range
of listening conditions.

Geller and Margolis (1984) assumed that amplification
should restore normal perception for all auditory stimuli
and suggested that a loudness scaling procedure, such as
magnitude estimation, be employed in hearing aid
evaluation procedures. Through a series of experiments
with normally hearing subjects, the relationships between
MCL, LDL and ME for loudness of tonal stimuli were
examined. It was noted that a deviation from classical ME
procedure was used in these experiments. Subjects were
instructed to use a range of numbers between zero and 100
when estimating loudness, It was demonstrated that LDL
was highly variable, changing as much as 26 dB within a
subject and by as much as 44 dB between subjects. It was
also deminstrated that MCL and LDL characterize loudness
perception at isolated points along the continuum of the
loudness experience, while ME data provided information

along a broader range.
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In two experiments Knight and Margolis (1984) examined

the use of a magnitude estimation procedure to detect
abnormal loudness growth. In the first experiment,
normally hearing subjects and subjects with asymmetrical
sensorineural hearing loss performed ME and alternating
binaural loudness balance (ABLB) tasks. In the second
experiment, the ME functions of normally hearing and
presbycusic subjects were compared.

In experiment 1, abnormal loudness growth was
demonstrated by both ABLB and ME procedures in subjects
with asymmetrical hearing loss. In experiment 2, the
presbycusic group had steeper ME functions than the
normally hearing group, but statistically significant
differences were observed at 6000 Hz only. It was
suggested that ME be used to evaluate recruitment in
subjects with bilateral hearing loss.

In ME data analysis slope estimates of the loudness
growth functions were used. These estimates were
calculated from the ME curves using the first derivative
of the best-fit third degree polynomial at 30 decibels.
The authors stated that slope estimates are not clinically
useful because the analysis involved is time consuming and
requires computer support. Instead, they suggested visual
inspection of loudness growth functions to determine the
presence of recruitment.

Margolis (1985) reported the results of a descriptive
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study in which he obtained loudness growth functions of

normally hearing and hearing impaired listeners for narrow

bands of noise. The hearing impaired group was tested
with and without hearing aids. Data for each hearing
impaired listener were compared to data for the normally
hearing group. Visual inspection of the loudness growth
functions led the author to these conclusions:

1. All hearing impaired listeners had abnormal loudness
functions whether aided or{unaided.

2. At the lower intensities, aided loudness functions
were shifted toward their unaided responses by
a constant amount.

3. For some hearing impaired individuals, the aided
loudness function showed more deviation from normal
than the unaided function.

4, In some instances the aided functions showed
smaller loudness values than the unaided function
for narrow bands of noise in frequency regions
where ear canal resonance provides gain.

The use of ME in hearing aid selection, like ABR
testing, is a relatively new procedure. Magnitude
estimation data appears to provide considerable
information Jbout an individuals loudness perception when
using amplification, but interpretation of this
information seems unclear. Margolis (1985) has

demonstrated that hearing impaired listeners have abnormal
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loudness growth functions even when wearing their hearing
alids. Characteristics of these aided loudness functions
need to be studied more thoroughly to see if certain
features can predict hearing aid performance.

C. Studies correlating loudness and evoked potentials

Madell and Goldstein (1972) examined the relationship
between loudness and the amplitudes of the middle latency
auditory evoked responses. Amplitude functions for three
waves, PO-Na, Na-Pa and Pa-Nb, and a loudness function
were recorded for normally hearing listeners.

Correlations between the slopes of the functions were low.
High correlations were found between loudness and
amplitude at each sensation level and those correlations
were significant at or beyond a 0.05 alpha level.

Botte, Bujas and Chocholle (1975) examined the
relationship between the slow cortical potential and
loudness estimation in normally hearing subjects.
Psychophysical and electrophysiological data were recorded
simultaneously since the cortical potential varies with
degree of alertness. Peak-to-peak amplitudes of N1-P2
waves and the latencies of N1 and P2 were recorded along
with direct loudness estiﬁates determined by paired ratio
comparisons. No clear relationship was found between the
slow cortical potential and loudness estimation.

Pratt and Sohmer (1977) examined magnitude estimates

and simultaneously recorded brain stem and cortical
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responses to clicks in normally hearing subjects. It was
reported that as intensity increased magnitude estimates
increased, ABR latencies decreased and ABR amplitudes
increased. No clear cut change in the cortical response
was observed. Although amplitude functions of ABR waves I
and II were most similar to the magnitude estimation
fdnctions, magnitude estimates showed intersubject and
intersession variability which the ABR data did not.

Wilson and Stelmack (1982) examined power functions of
loudness estimations and auditory brainstem responses in
normally hearing subjects. The exponent of the power
function for loudness was similar to that reported by Raab
and Osman (1962). Power functions for magnitude
estimation and amplitude data were positive while power
functions for latency data were negative. Although
amplitude functions more closely resembled the loudness
function, exponents of the power functions for ABR
amplitudes were smaller than the exponent of the power
function for loudness. Since amplitude functions appeared
to grow more slowly than the loudness function, it was not
concluded that the electrophysiological correlate of
loudness was ABR amplitude.

Investigations of the relationship between the
loudness of clicks and auditory evoked response intensity
functions have demonstrated that characteristics of

various auditory potentials change in response to changes
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in intensity just as loudness perception changes.

However, when these changes are quantified and compared,
statistically significant information has not been
obtained. A relationship between loudness and auditory
evoked responses may exist, but, as Pratt and Sohmer
(1977) suggest, perhaps a different means of data analysis

would provide a better correlation.
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CHAPTER IV

METHOD

The purpose of this investigation was to compare
electrophysiological and psychophysical intensity
functions of'normally hearing and hearing impaired adults.
Auditory brainstem response audiometry was utilized to
obtain wave I and wave V intensity-latency and
intensity-amplitude functions. Loudness data was obtained
by the method of magnitude estimation. An analysis of
variance was employed to examine the relationships between
the intensity functions. Correlation coefficients were
used to examine the degree of strength between magnitude
estimation data and tﬁe other four dependent variables.

A. Subjects

Eight adults (four males and four females) with an
average age of 63 years served as normally hearing
listeners. Mean audiometric information is presented in
Figure 1. ©None of these listeners demonstrated positive
retrocochlear signs during the Suprathreshold Adaptation
Test (Jerger and Jerger, 1975) performed at 500 Hz and
1000 Hz. Corrected TEC scores from the Staggered Spondaic
Word Test (Katz, 1979) for these listeners were indicative
of normal hearing and no central auditory processing

problems.
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Eight adults (seven males and one female) with an
average age of 61 years served as hearing impaired
listeners. These listeners had previously been diagnosed
as having bilateral sensorineural hearing loss when tested
in the Audiology Clinic at the University of Tennessee.
Mean audiometric information is presented in Figure 2.
None of these listeners demonstrated positive
retrocochlear signs during the Suprathreshold Adaptation
Test performed at 500 Hz and 1000 Hz. Corrected TEC
scores from the Staggered Spondaic Word Test for all
listeners were indicative of cochlear involvement and no
central auditory processing problems.

The hearing impaired listeners had previously been fit
with Phonic Ear 805 CD behind-the~ear hearing aids in the
Audiology Clinic at the University of Tennessee.
Individual data regarding the hearing aid adjustments
preferred by this group are presented in Table 1.

The hearing impaired listeners were considered
successful hearing aid users since they reportedly used
their hearing aids (with activated compression circuitry)
for a minimum of eight hours each day. When aided
communication function was assessed by these individuals
with the Hearing Handicap Inventory for the Elderly
(Weinstein and Ventry, 1982), six listeners had scores of
less than 167% which indicated no communication problems.

Two listeners had slightly higher scores (18% and 21%)
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Table 1. 1Individual settings for the Phonic Ear
805 CD hearing aid.

Amount of

Volume Compression Tone
2.00 115 H1
1.75 115 N
3.50 111 H3
2.00 115 N
1.75 115 N
3.00 118 H2
2.00 103 N

2.75 118 N
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which indicated mild communication problems.

During data collection, hearing impaired listeners
were tested with and without their hearing aids. In the
aided conditioﬁ, data were collected with and without
activation of the compression circuit in the hearing aid.
The use of a hearing aid with activation of compression
circuitry was referred to as a compression aided listening
condition while hearing aid use without activation of the
circuit was referred to as a linear aided condition
(Appendix 2).

Prior to participation in the experimental procedures,
electroacoustic analyses were obtained for each hearing
impairéd subject's hearing aid. The analyses were
performed according to ANSI specifications for hearing aid
characteristics (Acoustical Society of America, 1982) and
used to verify that each device was functioning.

B. ABR recording procedures

To obtain the ABR latency and amplitude information a
Nicolet Compact 4 electrodiagnostic test unit was used.
Square waves of 100 ms duration presented at a rate of
11.4 per second were used as the stimuli (clicks). A rate
of 11.4 was selected because this rate causes better
definition of the ABR waveform and clicks at this rate can
be transduced by a hearing aid receiver without an
accompanying ringing (Kileny, 1982). The clicks were

generated by the Nicolet Compact 4, led to an attenuator
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(custom) and delivered to a subject's ear via a
loudspeaker (custom) placed 10 centimeters (cm) away from
the external auditory meatus. Placement away from the
external canal was used so that measurements could be
obtained when the hearing impaired subjects were wearing
their hearing aids. A distance of 10 cm was selected
because click intensity reaching the ear was less subject
to variation in level than clicks presented at positions
closer to the ear. Silver cup electrodes were used to
pick up EEG activity from the scalp and deliver it to the
preamplifier for initial amplification. The active
electrode was placed on the vertex with reference
electrbdes placed on the ipsilateral and contralateral
mastoids., The forehead served as ground. Resistance at
the electrode-skin interface was less than 5000 ohms.
Upon reaching the Compact 4, the EEG activity was
amplified 100,000 times, filtered from 150 to 1500 Hz and
led to an averager. Response time was 10 milleseconds
(ms) and each waveform (tracing) generated consisted of
1600 averaged responses. Instrumentation for stimulus
delivery and recording of the ABR is presented in Figure
3.

To obtain the ABR data from each subject, electrodes
were applied, the subjects was seated in a reclining chair
located in a quiet room and clicks were presented through

the loudspeaker. ABR wave I and wave V, I-L and I-A



Figure 3.

B N % . ce -
.  ——————

Instrumentation for stimulus delivery
and recording of the ABR. LS =

loudspeaker; sub = listener; fz =
electrode; cz = electrode; al = elec-
trode; a2 = electrode; PA = preamplifier;

C4 = Nicolet Compact 4; ATT = attenuator.
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functions were recorded for each subject from 100 to 50 dB
SPL in 10 dB steps. Two tracings were recorded for each
subject at each intensity level. To obtain latency and
amplitude measures at each level, the tracings were
overlaid. If the tracings overlapped, a latency value in
milliseconds was recorded at the point where the right
sided slope of the wave broke away from the peak and an
amplitude value was measured as the difference in
microvolts from the point where latency was measured to
the trough of the wave.

The data from each subject were used to construct wave
I and wave V, I-L and I-A functions showing the means and
standard deviations for each group.

C. ABR test unit calibration

Loudspeaker output was verified by measurement with a
Knowles Electronic Mannequin for Acoustic Research (KEMAR)
and associated microphone (Bruel and Kjaer 4165),
preamplifier (Bruel and Kjaer 2619) and measuring
amplifier (Bruel and Kjaer 2807). The loudspeaker was
placed 10 cm from KEMAR's ear and dial settings on the
Compact 4 were noted which corresponded to the following
levels on the measuring amplifier: 100 dB, 90 dB, 80 dB,
70 dB, 60 dB and 50 dB SPL. Instrumentation for
calibration of output is presented in Figure 4. Output
readings were taken prior to the testing of each subject.

The spectrum of the click stimulus was measured
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c4 1 ATT Ls |wem| kK = M PA MA

Figure 4, Instrumentation for calibration of ABR stimulus
output. C4 = Nicolet Compact 4; ATT = attenuator;
LS loudspeaker; K = KEMAR; M = microphone;
PA preamplifier; MA = measuring amplifier.
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periodically to verify spectral stability. Loudspeaker
output was directed to a spectrum analyzer (Nicolet
UA5000) via KEMAR. Instrumentation for verification of
spectrum is presented in Figure 5.

D. ME recording procedures

To construct a loudness estimation function the method
of magnitude estimation was used. Each subject was
instructed to listen to pairs of click stimuli and judge
the loudness of the comparison click stimulus relative to
the standard one (Appendix 3). The intensity of the
standard stimulus was 80 dB SPL and the comparison stimuli
varied from 50 to 100 dB SPL in 10 dB steps. Each subject
presented the stimuli to himself via a three position
switch. This method of stimulus presentation allowed a
subject to work at his own pace and attend properly when
the stimulus came on (Stevens, 1956). The subject was
told that the loudness of the standard stimulus would not
change, but the loudness of the comparison stimuli would.
The loudness of the standard stimulus was assigned a value
of "10". The subject was free to choose whatever numbers
he felt represented the magnitudes of the comparisons.

The comparison stimuli were presented in random order and
the subjects made five magnitude estimations for each of
the six comparison stimuli (Richards, 1976). A practice
trial consisting of five loudness estimations was

performed prior to testing to familiarize the subject with
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the task. Psychoacoustic and electrophysiological testing
were completed during separate test sessions. The data
from each subject were used to construct magnitude
estimation functions showing the means and standard

deviations for each group.

The stimuli used in this task were clicks presented at
a rate of 10 per second. Clicks were selected because
they were also used to obtain the ABR I-L and I-A
functions.

The clicks were generated by a Tycon 0133 MMD-1
processor. The output of the processor was split and
directed to a two channel power amplifier (SAE 2200
amplifier). By splitting the output, two identical
signals were generated and independently controlled. The
output from each channel was led to an attenuator
(custom). Attenuator outputs were directed to a
three-position switch (custom) and, depending on switch
position, were then delivered to a loudspeaker (custom).
The loudspeaker was positioned 10 cm from the opening of
the listener's external auditory meatus. An electronic
voltmeter (Hewlett-Packard 350D) was placed in parallel
Wwith one of the attenuators to monitor voltage of the
comparison stimuli. Instrumentation for the delivery of
the standard and comparison click stimuli is presented in

Figure 6.
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ATT,

MPp AMP [ ,_ s LS | 10cm °

ATT,

Figure 6. Instrumentation for stimulus delivery used
to obtain loudness estimations. MP =
microprocessor; AMP = amplifier; ATTl =
attenuator; ATT2 = attenuator; VM =
voltmeter; S = switch; LS = loudspeaker;
sub = listener.
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E. ME calibration

Loudspeaker output was verified prior to each test
session by measurement with a KEMAR and associated
microphone (Bruel and Kjaer 4165), preamplifier (Bruel and
Kjaer 2619) and measuring amplifier (Bruel and Kjaer
2807). Instrumentation for the calibration of output is
presented in Figure 7. The loudspeaker was placed 10 cm
from KEMAR's ear and dial settings on the attenuators were
noted which corresponded to the level of the standard and
to the levels of the comparison clicks. Output for the
standard channel was fixed at 80 dB SPL and output for the
comparison channel was noted from 50 dB to 100 dB SPL in
10 dB Steps. The spectrum of the click stimulus was
measured periodically to verify spectral stability by
directing the loudspeaker output to a spectrum analyzer
(Nicolet UAS5000) via KEMAR. Instrumentation for
verification of spectrum is presented in Figure 8.

F. Reliability

ABR wave I and wave V latency and amplitude
measurements for a 90 dB SPL signal were repeated for each
subject at the end of the test session. The initial and
repeated ABR measurements were used to compute test-retest
reliability coefficients from the computation of Pearson
product-moment correlations. Likewise, a magnitude
estimate for an 90 dB SPL signal was repeated for each

subject and the data were used to compute a test-retest
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reliability coefficient. These coefficients are presented
in Table 2.

G. Statistical design

This was a three factor repeated measures design.
Factor A was group, factor B was intensity level and
factor C was amplification. There were two levels of
factor A (normally-hearing vs hearing impairment), six
levels of factor B (50, 60, 70, 80, 90 and 100 dB SPL) and
three levels of factor C (no amplification, compression
amplification and linear amplification. Both groups were
exposed to all intensity levels with no amplification, but
only the hearing-impaired group was exposed to all
intensity levels under conditions of compression and
linear amplification. Statistical analysis of the data
was performed using analysis of variance. Planned
comparisons were used to answer experimental questions 1
through 10. Pearson product-moment correlations were used

to answer experimental questions 11 through 18.
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CHAPTER V

RESULTS

The purpose of this study was to examine relationships
between ABR wave I and wave V intensity functions and the
magnitude estimation function of loudness in normally
hearing and hearing impaired listeners. ABR
intensity-amplitude, ABR intensity-latency and ME
functions were recorded for eight normally hearing and
eight hearing impaired listeners. Additionally, responses
were recorded for the hearing impaired listeners wearing
hearing aids equipped with compression and linear
amplification. Intensity functions of normally hearing
and hearing impaired listeners were compared to determine
if the introduction of amplification caused responses of
the hearing impaired group to approximate responses of the
normally hearing group.

A. Means and standard deviations

ABR data were not available from all subjects at all
intensity levels because wave I and wave V were not always
reproducible, For each group in one amplification
condition, it was expected that eight observations of wave
I and wave V would occur at each intensity level, but
sometimes fewer than eight observations per level

occurred. The absence of an observation was due to
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waveform morphology which was not readable. In addition
to means and standard deviations presented in the
following tables, the number of observations or readable
ABR responses is noted under the column N.

The means and standard deviations for ABR wave I
latency are presented in Table 3. Only those values
recorded at four intensity levels from 100 dB to 70 dB are
presented because the number of empty data cells at the 60
dB and 50 dB levels precluded the use of these levels in
any statistical analyses. There were several general
trends in these data. An inverse relationship existed
between mean wave I latency values and intensity levels.
Shorter wave I latency values were recorded for normally
hearing subjects at all intensity levels. The number of
observations was largest for the normally hearing group in
three out of four intensity levels. The hearing impaired
group in the compression aided condition had mean values
which most closely resembled those of the normally hearing
group at 100 dB, 90 dB and 80 dB levels. The largest
standard deviations at each intensity level were recorded
for the hearing impaired group whether aided or unaided.

The fact that standard deviations were larger for the
hearing impaired group was not surprising. In general,
hearing impaired individuals show a greater range of
performance on various auditory tasks than normally

hearing individuals. This variability in performance is
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probably due to the effects of hearing loss which, at the
present time, cannot all be identified with traditional
audiological tests. For example, it is a common clinical
observation that hearing impaired individuals with similar
audiometric configurations will often have very different
speech recognition ability.

The means and standard deviations for ABR wave V
latency data are presented in Table 4., There were several
general trends in these data. An inverse relationship
existed between mean wave V latency values and intensity
levels. Mean latency values for the normally hearing
group were shorter than those for the hearing impaired
amplification conditions in five out of six intensity
levels. The number of observations in the normally
hearing group was equal to or exceeded those for the
hearing impaired whether aided or unaided at all intensity
levels. The mean latency values for the hearing impaired
group in the unaided condition most closely resembled the
mean values of the normally hearing group at the four
highest intensity levels.

Means and standard deviations for wave I amplitude
data are presented in Table 5. There were several notable
features in these data. Wave I amplitude values for both
groups decreased as intensity level decreased. The
largest mean values were recorded for the normally hearing

group at 90 dB, 80 dB and 70 dB levels. At 100 dB the
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largest mean value was recorded for the hearing impaired

group in the compression aided condition. The number of

observations in the normally hearing group was equal to or

exceeded those for the hearing impaired group whether
aided or unaided in three out of four intensity levels.
The standard deviation values for the three hearing
impaired amplification conditions tended to be greater
than those for the normally hearing group at 100 dB, 90 dB
and 80 dB levels

Means and standard deviations for wave V amplitude
data are presented in Table 6. There were several notable
features in these data. With one exception, the mean
amplitdde values decreased as intensity level decreased.
The number of observations for the normally hearing group
was equal to or exceeded those of the hearing impaired
group whether aided or unaided at all intensity levels.
The normally hearing group had the largest mean amplitude
values in four out of six intensity levels. The largest
standard deviations were observed for the normally hearing
group in three out of six intensity levels.

Means and standard deviations for loudness estimations
are presented in Table 7. There were several notable
features in these data. The mean loudness estimation
values decreased as intensity level decreased. The
results for the normally hearing group most closely

resembled Stevens' data (1956). The largest differences
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between the normally hearing and hearing impaired
listeners occurred at 90 dB and 100 dB levels. The
hearing impaired group utilizing linear amplification had
the largest loudness estimation values in five out of six
intensity levels. At 100 dB, 90 dB, 80 dB and 50 dB
levels, the hearing impaired group utilizing compression
amplification most closely resembled the normally hearing
group. The hearing impaired group whether aided or
unaided had larger standard deviation values than the
normally hearing group.

B. Research question 1

An analysis of variance was performed to determine if
statisfically significant differences existed among the
ABR wave I latency means of the normally hearing group and
the hearing impaired group in an unaided listening
condition. An F value for group of 10.28 was
statistically significant at the 0.05 alpha level. An F
value for intensity of 11.47 was statistically significant
at the 0.05 alpha level. An F value of 1.13 for a group
by intensity interaction was not statistically
significant. The ANOVA table is presented in Table 8.

It was not necessary to use Bonferroni planned
comparisons to examine differences beteen group means
because there were only two levels of group. It should be
noted that the hearing impaired group had a greater mean

wave I latency value, Comparisons were made between
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intensity levels to determine where significant
differences exited between levels. Bonferroni planned
comparisons were used with an alpha level determined by
the number of comparisons divided into 0.05. With six
comparisons, the alpha level was 0.008. With respect to
.intensity, a statistically significant differences was
found only between means at 100 dB and 70 dB. These
results are presented in Table 9. Interaction means were
not examined because there was no statistically
significant interaction effect.

The results of these tests for significance provided
an affirmative answer to research question 1: There was a
statisfically significant difference between mean wave I
latency values of normally hearing and hearing impaired
groups with hearing impaired individuals exhibiting longer
wave I latencies.

C. Research question 2

An analysis of variance was performed to determine if
statistically significant differences existed among the
ABR wave V latency means for the normally hearing group
and the hearing impaired group in an unaided listening
condition. An F value for group of 3.39 was not
statistically significant. An F value of 29.36 for
intensity was statistically significant at the 0.05 alpha
level. An F value of 2.01 for a group by intensity

interaction was not statistically significant. The ANOVA



Table 9.

The results of Bonferroni planned comparisons
of intensity levels using wave I latency data
from normally hearing and hearing impaired groups.

t = t value and = significance level.

Levels 100 90 80 - 70
100 t = -- -1.2034 -2.2117 -3.,3031
oA = - 0.2393 0.0368 0.0037
90 t = - - -1.4648 -2.7824
o - - 0.1599 0.0109
80 t = -- - - -0.8380
&%= -- -- -- 0.4125

70 = - -- - --

9. [a
|
|
1
I
|
|
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table is presented in Table 10.

Comparisons were made between intensity levels to
determine where statistically significant differences
existed between levels. With fifteen comparisons by the
Bonferroni planned comparison approach, the alpha level
was set at 0,003, Statistically significant differences
were observed between means at 100 dB and 70 dB, 100 dB
and 60 dB, 100 dB and 50 dB, 90 dB and 60 dB, 90 dB and 50
dB, 80 dB and 60 dB, 80 dB and 50 dB and 70 dB and 50 dB
levels. These results are presented in Table 11. It was
not necessary to examine differences between group means
or interaction means because neither effect was
statisfically significant.

The results of these tests for significance provided a
negative answer for research question 2: There was no
statistically significant difference between mean wave V
latency values of normally hearing and hearing impaired
groups.

D. Research question 3

An analysis of variance was performed to determine if
statistically significant differences existed among the
ABR wave I amplitude means of the normally hearing group
and the hearing impaired group in an unaided listening
condition. An F value of 0.3; for group was not

statistically significant. An F value of 4.51 for

intensity was statistically significant at the 0.05 alpha
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level. An F value of 1.83 for a group by intensity

interaction was not statistically significant. The ANOVA
table is presented in Table 12.

Comparisons were made between intensity levels to
determine where significant differences existed between
levels. Bonferroni planned comparisons were used to
determine statistical significance at a 0.008 alpha level.
No statistically significant differences were found
between any comparisons of interest. These results are
presented in Table 13. It was not necessary to examine
differences between group means or interaction means
because neither effect was statistically significant.

The results of these tests for significance provided a
negative answer for research question 3: There was no
statistically significant difference between mean wave I
amplitude values of normally hearing and hearing impaired
groups.

E. Research question 4

An analysis of variance was performed to determine if
statistically significant differences existed among the
ABR wave V amplitude means of the normally hearing group
and the hearing impaired group in an unaided listening
condition. An F value of 1.41 for group was not
statistically significant. An F value of 10.32 for
intensity was statistically significant at the 0.05 alpha

level. An F value of 0.27 for a group by intensity
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Table 13. The results of Bonferroni planned comparisons
of intensity levels using wave I amplitude data
from normally hearing and hearing impaired groups.

t = t value and K= significance level.
Levels 100 90 80 70
100 t - 1.5258 2.4832 1.8799
X = - 0.1450 0.0259 0.0755
90 t = - -- 1.5052 1.1091
X = -- - 0.1439 0.2794
80 t = - - -— 0.0298
X = - - - 0.9765
70 -- -- -- -

gﬁ
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interaction was not statistically significant. The ANOVA
table is presented in Table 14,

Comparisons were made between intensity levels to
determine where statistically significant differences
existed between levels. Bonferréni planned comparisons
were used to determine statistical significance at a 0.003
alpha level. Statistically significant differences were
observed between means at 100 dB and 80 dB, 100 dB and 70
dB, 100 dB and 60 dB, 100 dB and 50 dB, 90 dB and 50 dB,
80 dB and 50 dB and 60 dB and 50 dB levels. These results
are presented in Table 15. It was not necessary to
examing differences between group means or interaction
means because neither effect was statistically
significant.

The results of these tests for significance provided a
negative answer for research question 4: There wWas no
statistically significant difference between mean wave V
amplitude values of normally hearing and hearing impaired
groups.

F. Research question 5

An analysis of variance was performed to determine if
statistically significant differences existed among the
magnitude estimation means for the normally hearing group
and the hearing impaired group in an unaided listening
condition. An F value of 7.32 for group was statistically

significant at the 0.05 alpha level. An F value of 43.24
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for intensity was statistically significant at at the 0.05
alpha level. An F value of 6.65 for a group by intensity
interaction was statistically significant at the 0.05
alpha level. The ANOVA table is presented in Table 16.

With respect to the group factor, Bonferroni planned
comparisons to detect differences between means were not
necessary since there were only two levels of group.
Magnitude estimation means for the hearing impaired group
were greater than means for the normally hearing group.

Comparisons were made between intensity levels to
determine where significant differences existed between
levels. Bonferrone planned comparisons were used to
determine statistical significance at a 0.003 alpha level.
Statistically significant differences were observed
between the mean at 100 dB an& means at all other
intensity levels. Statistically significant differences
were observed between the mean at 90 dB and means at 70
dB, 60 dB and 50 dB levels. Alpha levels are presented in
Table 17.

Comparisons of interest for the group by intensity
interaction were between each group at each intensity
level. Bonferroni planned comparisons were used to
determine statistical significance at a 0.008 alpha level.
The only statistically significant difference was observed
between groups at the 100 dB level. Alpha levels are

presented in Table 18.
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Table 18. The results of Bonferroni planned comparisons
of interest for the group by intensity inter-
action using magnitude estimation data from
normally hearing and hearing impaired groups.

Comparison between

groups at: Pr > /t/
100 dB 0.0001
90 dB 0.1545
80 dB 0.9679
70 dB 0.9241
60 dB 0.9531

50 dB 0.9464




The results of these tests for significance provided

an affirmative answer to research question 5: There was a
statistically significant difference between mean
magnitude estimation values of normally hearing and
hearing impaired groups, but this difference only occurred
at a high intensity level.

G. Research question 6

An analysis of variance was performed to determine if
statistically significant differences existed among the
wave I latency means of the normally hearing group and the
hearing impaired group in a compression aided listening
condition. An F value of 7.89 for group was statistically
significant at the 0.05 alpha level. An F value of 11.21
for intensity was statistically significant at the 0.05
alpha level. A group by intensity interaction was not
statistically significant. The ANOVA table is presented
in Table 19,

It was not necessary to use Bonferroni planned
comparisons to examine differences between group means
because there were only two levels of this factor. It
should be noted that the hearing impaired group utilizing
compression amplification had a greater mean latency
value. With respect to intensity, comparisons were made
between intensity levels to determine where significant
differences existed between levels. Bonferroni planned

comparisons used to determine statistical significance at
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a 0.008 alpha level. Statistically significant
differences were observed between means at 100 dB and 70
dB and at 90 dB and 70 dB levels. These results are
presented in Table 20. It was not necessary to examine
differences between interaction means because this effect
was not statistically significant.

An analysis of variance was performed to determine if
statistically significant differences existed among wave I
latency means of the normally hearing group and the
hearing impaired group in a linear aided condition. An F
value of 3.44 for group was not statistically significant.
An F value of 13.75 for intensity was statistically
significant at the 0.05 alpha level., An F value of 0.84
for a group by intensity interaction was not statistically
significant. The ANOVA table is presented in Table 21.

Comparisons were made between intensity levels to
determine where significant differences existed between
levels. Bonferroni planned comparisons were used to
determine statistical significance at a 0.008 alpha level.
A statistically significant difference was observed
between 90 dB and 70 dB levels. These results are
presented in Table 22. It was not necessary to examine
differences between group means or interaction means
because neither effect was statistically significant.

These tests for significance provided an answer to

research question 6: There was a statistically



Table 20. The results of Bonferroni
of intensity levels using
from normally hearing and

planned comparisons
wave I latency data
compression aided

hearing impaired groups. t = t value and
A= significance level.
Levels 100 90 80 70
100 t = -- -1.2766 -1.6273 -3,7522
A = -- 0.2151 0.1201 0.0016
90 t = -- -- -0.5420 -3.0542
& = -- -- 0.5936 0.0065
80 t -- -- -- -2.3016
A = -- -- -- 0.0351
70 -- -- -- --

9(‘*

75



76

GC6LEOLE"O 61 (dnoan) s s 3uj
706%°0 ¥8°0 6.9268%70°0 € £1t1sus3uy » dap
1000°0 SL€1 608107080 € £11sus3ug

8G62€086°1 11 (dnoan) s
S060°0 wh g 89068619°0 1 dnoayp
d < ad anieA J SS AT 9d4g Ip ?oanog

1e9UT] pu®e Sutaesy A[lewaou

*sdnoi8 pepte

103 elep AOouoie] I OABM JO 21q®1 VAONV

*T¢ ®14e]




Table

22.

The results of Bonferroni planned comparisons
of intensity levels using wave I latency data
from normally hearing and linear aided hearing
impaired groups. t = t value and & =
significance level.

Level 100 90 80 70
100 t = - 0.0225 -0.4032 -1.7197
o = - 0.9824 0.6934 0.1114
90 t = -- -- -0.7241 -3.0941
o = -- -- 0.4789 0.0066
80 t = - -- - -2.2471
A = -- -- -- 0.0391
70
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significant difference between mean wave I latency values
for normally hearing and hearing impaired groups when the
latter used compression amplification, but no
statistically significant difference was observed for
normally hearing and hearing impaired groups when the
latter used linear amplification.

H. Research question 7

An analysis of variance was performed to determine if
statistically significant differences existed among the
wave V latency means of the normally hearing group and the
hearing impaired group in a compressioﬁ aided listening
condition. An F value of 5.07 for group was statistically
significant at the 0.05 alpha level. An F value of 22.11
for intensity was statistically significant at the 0.05
alpha level,. A group by intensity interaction was not
statistically significant. The ANOVA table is presented
in Table 23.

It was not necessary to use Bonferroni planned
comparisons to examine differences between group means.

It should be noted that the hearing impaired group using
compression amplification had longer wave V latencies.
With respect to intensity, comparisons were made between
intensity levels to determine where statistically
significant differences existed between levels,
Bonferroni planned comparisons were used to determine

statistical significance at a 0.003 alpha level.
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Statistically significant differences were observed

between 100 dB and 70 dB, 100 dB and 60 dB, 100 dB and 50
dB, 90 dB and 70 dB, 90 dB and 60 dB, 90 dB and 50 dB and
80 dB and 50 dB levels. These results are presented in
Table 24. Interaction means were not examined because
there was no statistically significant interaction effect.

An analysis of variance was performed to determine if
statistically significant differences existed among wave V
latency means of the normally hearing group and the
hearing impaired group in a linear aided listening
condition., An F value of 4.60 for group was statistically
significant at the 0.05 alpha level. An F value of 24,67
for infensity was statistically significant at the 0.05
alpha level. A group by intensity interaction was not
statistically significant. The ANOVA table is presented
in Table 25.

It was not necessary to use Bonferroni planned
comparisons to examine differences between group means.
It should be noted that the hearing impaired group using
linear amplification had longer wave V latencies. With
respect to intensity, comparisons were made between
intensity levels to determine where statistically
significant differences existed between levels,
Bonferroni planned comparisons were used to determine
statistical significance at a 0.003 alpha level.

Statistically significant differences were observed
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between 100 dB and 70 dB, 100 dB and 60 dB, 100 dB and 50
dB, 90 dB and 60 dB, 90 dB and 50 dB, 80 dB and 50 dB and
70 dB and 50 dB levels. These results are presented in
Table 26. Interaction means were not examined because
there was no statistically significant interaction effect.

These tests for significance provided an affirmative
answer to research question 7: There was a statistically
significant difference between mean wave V latency values
of normally hearing and hearing impaired groups when the
latter utilized either compression or linear
amplification.

I. Research question 8

An.analysis of variance was performed to determine if
statistically significant differences existed among the
wave I amplitude means of the normally hearing group and
the hearing impaired group in a compression aided
listening condition. Group was not statistically
significant. An F value of 3.59 for intensity was
statistically significant at the 0.05 alpha level. A

group by intensity interaction was not statistically

significant. The ANOVA table is presented in Table 27.
Comparisons were made between intensity levels to
determine where significant differences existed between
levels. Bonferroni planned comparisons were used to
determine statistical significance at a 0.008 alpha level.

No statistically significant differences were observed
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between any comparisons of interest. These results are
presented in Table 28. It was not necessary to examine
differences between group means or interaction means
because neither effect was statistically significant.

An analysis of variance was performed to determine if
statistically significant differences existed among the
wave I amplitude means of the normally hearing group and
the hearing impaired group in a linear aided listening
condition. Group, intensity and group by intensity
interaction effects were not statistically significant.
The ANOVA table is presented in Table 29.

The results of these tests for significance provided a
negati?e answer to research question 8: There were no
statistically significant differences between the wave I
amplitude means of normally hearing and hearing impaired
groups when the latter utilized either compression or
linear amplification.

J. Research question 9

An analysis of variance was performed to determine if
statistically significant differences existed between wave
V amplitude means of the normally hearing group and the
hearing impaired group in a compression aided listening
condition. Group effect was not statistically
significant. An F value of 12.87 for intensity was
statistically significant at the 0.05 alpha level. A

group by intensity interaction was not statistically



Table 28,

The results of Bonferroni planned comparisons
of intensity levels using wave I amplitude data
from normally hearing and compression aided

t value and OA =

hearing impaired groups.

significance level.

Level 90 80 70
100 t 1.8639 2.1503 2.1519
A 0.0890 0.0550 10.0522
90 t - 0.8639 0.8890
A - 0.3974 0.3851
80 t -- -- 0.1951
A - -— 0.8477

70 -- - --

Q
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significant.

The ANOVA table is presented in Table 30.

Comparisons were made between intensity levels to

determine where significant differences existed between

levels. Bonferroni planned comparisons were used to

determine statistical significance at a 0.003 alpha level.

Statistically
between these
100 dB and 50
and 50 dB, 60

in Table 31.

significant differences were observed

levels: 100 dB and 70 dB, 100 dB and 60 dB,
dB, 90 dB and 50 dB, 80 dB and 50 dB, 70 dB
dB and 50 dB. These results are presented

It was not necessary to examine differences

among means for group or interaction effects because

neither was statistically significant.

An analysis of variance was performed to determine if

statistically

significant differences existed between wave

V amplitude means of the normally hearing group and the

hearing impaired group in a linear aided listening

condition. Group was not statistically significant. An

value of 12.83 for intensity was statistically significant

at the 0.05 alpha 1level.

A group by intensity interaction

was not statistically significant. The ANOVA table 1is

presented in Table 32,

Comparisons were made between intensity levels to

determine where statistically significant differences

existed between levels. Bonferroni planned comparisons

were used to determine statistical significance at a 0.003

alpha level.

Statistically significant differences were
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observed between these levels: 100 dB and 60 dB, 100 dB
and 50 dB, 90 dB and 50 dB, 80 dB and 50 dB, 70 dB and 50
dB. These results are presented in Table 33. It was not
necessary to examine differences among means for group or
interaction effects because neither was statistically
significant.

The results of these tests for significance provided a
negative answer to research question 9: No statistically
significant differences were observed in mean wave V
amplitude values between normally hearing and hearing
impaired groups when the latter utilized either
compression or linear amplification.

K. Research question 10

An analysis of variance was performed to determine if
statistically significant defferences existed between
magnitude estimation means of the normally hearing group
and the hearing impaired group in a compression aided
listening condition. An F value of 4.38 for group was
statistically significant at the 0.05 alpha level. An F
value of 46.87 for intensity was statistically significant
at the 0.05 alpha level. An F value of 3.36 for a group
by intensity interaction was statistically significant at
the 0.05 alpha level. The ANOVA table is presented in
Table 34,

With respect to group, it was not necessary to use

Bonferroni planned comparisons to detect differences among
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the means. Magnitude estimation means for the hearing

impaired group using compression amplification were
greater than those for the normally hearing group.
Comparisons were made between intensity levels to
determine where significant differences existed between
levels. Bonferroni planned comparisons were used to
determine statistical significance at a 0.003 alpha 1level.
Statistically significant differences were observed
between 100 dB and all other levels and between 90 dB and
all other levels. Alpha levels are presented in Table 35.
Comparisons of interest for the group by intensity
interaction were between each group at each intensity
level.' The only statistically significant difference
occurred between groups at the 100 dB level, Alpha levels
are presented in Table 36,

An analysis of variance was performed to determine if
statistically significant differences existed between
magnitude estimation means of the normally hearing group
and the hearing impaired group in a linear aided listening
condition. An F value of 6.70 for group was statistically
significant at the 0.05 alpha level. An F value of 46.15
for intensity was statistically significant at the 0.05
alpha level. An F value of 4.48 for a group by intensity
interaction was statistically significant at the 0.05
alpha level. The ANOVA table is presented in Table 37.

Bonferroni planned comparisons to examine group means
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Table

36,

The results of Bonferroni planned comparisons
of interest for the group by intensity inter-
action using magnitude estimation data from
normally hearing and compression aided hearing
impaired groups.

Comparison between

groups at: Pr > /t/
100 dB 0.0001
90 dB 0.1871

80 dB 0.9640

70 dB 0.8426

60 dB 0.8227

50 dB 0.9720
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were not necessary. The hearing impaired group using
linear amplification had larger magnitude estimation
values. Comparisons were made between intensity levels to
determine where significant differences existed between
levels., Bonferroni planned comparisons were used to
determine statistical significance at a 0.003 alpha level.
Statistically significant differences were observed
between 100 dB and all other intensity levels and between
90 dB and all other intensity levels. Alpha levels are
presented in Table 38. Comparisons of interest for the
group by intensity interaction were between each group at
each intensity level. The only statistically significant
differénce occurred between groups at the 100 dB level.
Alpha levels are presented in Table 39.

The results of these tests for significance provide an
affirmative answer to research question 10: There was a
statistically significant difference between mean
magnitude estimation values of normally hearing and
hearing impaired groups when the latter utilized either
compression or linear amplification.

L. Analysis of amplification conditions

Separate analyses of variance were performed using
each dependent variable to determine if statistically
significant differences existed between the three
amplification conditions: unaided, compression aided and

linear aided. Statistically significant differences
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Table 39.

102

The results of Bonferroni planned comparisons
of interest for the group by intensity inter-
action using magnitude estimation data from
normally hearing and linear aided hearing
impaired groups.

Comparison between

groups at: Pr>/t/
100 dB 0.0001
90 dB 0.0317

80 dB 0.9256

70 dB 0.7505

60 dB 0.7131

50 dB 0.8482




between groups were not obtained for any dependent

variable., The ANOVA tables are presented in Tables 40

through 44,

M. Research questions 11 through 18

Pearson product moment correlations were determined to

examine correlations between the magnitude estimation data
and the ABR data. Results are presented in Table 45. The
results of these statistical tests provided answers to
research questions 11 through 18 which dealt with
correlations between magnitude estimation and
intensity-amplitude or intensity-latency data. The
magnitude of the correlations were described using
guidelines suggested by Guilford (1956).

Between groups and across amplification conditions
there was a low/moderate negative correlation between
magnitude estimation and wave I latency data. The
correlations between magnitude and wave I latency data for
the normally hearing group and the hearing impaired group
using compression amplification were significant at the
0.05 alpha 1level. Compared to these correlations,
correlations between magnitude estimation and wave V
latency data were slightly stronger. Correlations between
magnitude estimation and wave V latency data were
statistically significant at the 0.05 alpha level for both
groups and whether the hearing impaired were aided or

unaided. Moderate correlations between magnitude
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estimation and wave I amplitude data were observed for the

normally hearing group and for the hearing impaired group
in unaided or linear aided listening conditions. A high
correlation between magnitude estimation and wave I
amplitude was noted for the hearing impaired group when
compression amplification was used. All correlations
between magnitude estimation and wave I amplitude data
were statistically significant. The strongest
correlations were observed between magnitude eatimation
and wave V amplitude data. Moderate correlations were
noted for the hearing impaired group whether aided or
unaided and a high correlation was noted for the normally
hearing group.

N. Summary

In summary, statistically significant differences were
found between the normally hearing group and the hearing
impaired group using no amplification for magnitude
estimation and wave I latency data. No statistically
significant differences were noted between these groups
for wave V latency, wave I amplitude or wave V amplitude
data. The linear amplification condition yielded no
statistically significant difference between normally
hearing and hearing impaired groups with respect to wave I
latency. Statistically significant differences continued
to be noted between groups for magnitude estimation data

when hearing impaired subjects used either compression or
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linear amplification. Compression and linear
amplification conditions yielded a statistically
significant difference between normally hearing and
hearing impaired groups for wave V latency when there
previously had been no statistically significant
difference. When the three amplification conditions were
examined, no statistically significant differences were
found between unaided and aided conditions. Only two
strong correlations existed between magnitude estimation
and the other four dependent variables. High correlations
were observed between magnitude estimation and wave I
amplitude data for the hearing impaired group when
compreésion amplification was used and between magnitude
estimation and wave V amplitude data for the normally

hearing group.




112
CHAPTER VI

DISCUSSION

The purpose of this study was to examine the
relationships between ABR wave I and wave V
intensity-latency and intensity-amplitude functions and
the magnitude estimation function of loudness in normally
hearing and hearing impaired individuals. Responses were
obtained from hearing impaired individuals in unaided and
aided (compression;linear) amplification conditions to
determine if the use of amplification caused intensity
functions generated by the hearing impaired individuals to
more closely approximate the functions generated by
normally hearing persons. ABR and ME intensity functions
were also examined to determine if amplification had
similar effects on electrophysiological and psychophysical
responses.

The answers to research questions one through ten
which used the F statistic to examine the effect of
amplification on normalizing the intensity functions of
hearing impaired subjects are presented in Table 46. It
was assumed that the degree of sensorineural hearing loss
exhibited by the hearing impaired group would cause the
responses of that group when using no amplification to

differ from those with normal hearing, but statistical
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significance between groups did not occur for all
dependent variables. It was also assumed that the use of
amplification could cause the intensity functioms of the
hearing impaired group to approach normal values and
result in statistical non-significance when comparisons
between groups were made, but this was not always
observed. When comparisons of F values were made, none of
the ABR data produced the same statistical results across
amplification conditions as the magnitude estimation data.
No clear relationship between ABR and ME data was inferred
from the results of analysis of variance and several
factors were considered when interpreting the results of
the stétistical tests. These factors were subject
selection, sample size and variance.

A. Description and analysis of intensity functions

Wave I intensity-latency functions representing
normally hearing, unaided and aided (compressionjlinear)
hearing impaired mean data are presented in Figure 9.
Hearing impaired curves for all amplification conditions
are displaced above the normally hearing curve indicating
longer latency values. Data points from the unaided and
compression aided amplification conditions for the hearing
impaired ran parallel to the intensity function for the
normally hearing group with the compression aided
condition showing the closest similarity to the normative

data. Comparison of these functions suggested that
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differences between groups were related to hearing

sensitivity and that compression amplification provided

partial compensation. This trend was not observed with

linear aided data.

With linear amplification, wave I latency values
changed very little across intensity levels and by 100 dB
all other conditions exhibited shorter wave I latencies.
Linear amplification should cause a hearing aid to reach
its saturation level at a lower input intensity than
compression amplification. Once saturation is reached,

further increases in input level result in peak clipping

of the output., Pollack (1975) stated that peak clipping
causes.more signal distortion than compression
amplification. If linear amplification at high intensity
levels results in more disto;tion of the c¢lick stimuli,
then increased intensity would produce longer ABR
latencies.

Analysis of variance revealed a statistically
significant difference between the normally hearing group
and the hearing impaired group when the hearing impaired
used no amplification or compression amplification. No
significant difference was estimated for normally hearing
and hearing impaired groups when the hearing impaired used
linear amplification. Although there was the temptation
to interpret these data to mean that the use of linear

amplification caused the wave I intensity-latency function
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to normalize, it was more likely that large variance
caused the statistical results. Figure 9 revealed that
mean values for the linear aided condition were displaced
farther from the normally hearing means than the means for
the compression aided condition at 80 dB, 90 dB and 100
dB. It was concluded that a large variance made it
impossible to detect differences which existed between the
normally hearing group and the hearing impaired group
using linear amplification.

Wave V intensity-latency functions are presented in
Figure 10. With the exception of linear aided at 50 dB,
mean wave V latencies for hearing impaired whether aided
or unaided were longer than the means for the normally
hearing group. When mean wave V latencies of the unaided
hearing impaired condition were compared to means of the
normally hearing group, the largest difference between
means occurred at 60 dB. It has previously been reported
that the difference in wave V latency between
sensorineural and normal ears is greatest at low intensity
levels (Galambos and Hecox, 1978). When mean wave V
latencies of compression aided and linear aided conditions
were compared to the normally hearing data, large
differences between means occurred from 60 dB to 90 dB and
smaller differences occurred at 50 dB and 100 dB. Small
differences between the normally hearing group and the

hearing impaired group using either compression or linear
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amplification at 100 dB were expected, but the pattern

from 50 dB to 90 dB was surprising. Since the utilization
of both compression and linear amplification caused the
appearance of wave V at near normal latencies at 50 dB, it
was expected that aided wave V latency would have
continued to occur at near normal latencies above 50 dB.
Instead, compression and linear mean data from 60 dB to
100 dB looked more like unaided hearing impaired data. In
the linear aided condtion, there was a slower shift in
wave V latency as intensity increased and this was
attributed to the deleterious effects of peak clipping on
signal processing.

Siﬁce the unaided hearing impaired data was most
similar to the normally hearing data at four out of six
intensity levels, it was not surprising that analysis of
variance found no statistically significnat differences
between groups. Statistical significance occurred between
groups when the hearing impaired used either compression
or linear amplification. These findings were just the
opposite of what would be expected if the use of
amplification normalized wave V intensity-latency
functions.

Although the introduction of amplification did not
produce a normalizing effect on wave V latency from 60 dB
to 100 dB, at 50 dB the use of either compression or

linear amplification by the hearing impaired group



resulted in the appearance of wave V where there had

previously been none.  Kileny (1982) used wave V threshold
to estimate a hearing aid's effectiveness. If wave V
threshold could be improved, then a hearing aid was
thought to be beneficial. Although the present study did
not measure wave V threshold, the appearance of wave V at
a level where it had not previously been seen was
interpreted to mean that amplification provided improved
sensitivity.

Wave I intensity-amplitude functions are presented in
Figure 11. Wave I amplitude values for hearing impaired
listeners in all amplification conditions tended to be
smallef than those for the normally hearing group. With
hearing loss the sensation level of the clicks would be
reduced causing activation of fewer nerve fibers which, in
turn, could account for a reduction in the amplitude of
the ABR waves. Comparison of means for normally hearing
and hearing impaired (unaided) groups revealed that large
differences between means occurred at 70 dB and 80 dB, but
means were almost identical at 90 dB and 100 dB. The
disparity between groups at the lower intensity levels was
consistent with trends observed in wave I and wave V
latency data. The introduction of compression and linear
amplification had differential effects on wave I
amplitude. At 70 dB, 80 dB and 90 dB, wave I amplitude

means for the compression aided hearing impaired group
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were very close to the means of the normally hearing

group. At 100 dB, an extremely large wave I amplitude
mean was recorded for the compression aided condition.
Two outlier scores (hearing impaired listeners #1 and #3)
were responsible for this large difference. With linear
amplification, wave I amplitude means were never as close
to the normally hearing means as the compression aided
condition and showed progressive departure from normally
hearing means as intensity increased. Linear aided mean
values increased with increases in intensity, but the rate
of change was slower than all other conditions. Large ABR
amplitudes should occur with high intensity stimulation,
but signal distortion would reduce the effect of increased
intensity. It was stated previously that linear
amplification produces more signal distortion with higher
input intensities than compression amplification.

Differences between the normally hearing group and the
hearing impaired group whether aided or unaided for wave I
amplitude were not statistically significant. Like some
of the other non-significant comparisons obtained in this
study, these findings were attributed to small sample size
and large variance which would obscure between group
differences analyzed by analysis of variance.

Statistical analyses of wave V amplitude data revealed
non-significance between the normally hearing group and

the hearing impaired group in any amplification condition.
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Visual inspection of wave V intensity-amplitude functions
presented in Figure 12 revealed more overlap between
functions than had been observed in wave I and wave V
latency and wave I amplitude data. Statistical
non-significance could be attributed to either failure of
subject selection criteria to differentiate groups or the
inherent variability of ABR amplitude which created large
variance within the statistical tests.

While intensity functions generated for wave I
latency, wave V latency and wave I amplitude by the
normally hearing group and the hearing impaired group
using no amplification revealed greater disparity at lower
intensities, wave V amplitude data revealed large
differences between groups at high and low intensities.
It was difficult to discern distinctive patterns from the
intensity functions in Figure 12. No one amplification
condition for the hearing impaired group approximated the
normally hearing means across intensity.levels. At 50 dB
and 70 dB, the means for the compression aided condition
were closest to the normally hearing means. At 60 dB, 80
dB and 90 dB, the means for the linear aided condition
were closest to the normally hearing means. At 100 dB,
the unaided hearing impaired mean was the closest to the
normally hearing mean. When the hearing impaired
intensity functions were compared to each other, the means

generated with compression amplification followed the
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unaided hearing impaired means more closely than the means
for the linear aided condition. The use of linear
amplification resulted in slower growth of wave V
amplitude with increased intensity and this finding was
attributed to the deleterious effects of peak clipping.
Statistical analyses of magnitude estimation data

revealed significant differences between the normally

hearing group and the hearing impaired group whether the

hearing impaired were aided or unaided. These data,
plotted as intensity functions, are presented in Figure
13. The four functions were remarkably similar at levels

below 90 dB with increasingly larger differences at 90 dB

and 100 dB levels. The differential effect of group at
different intensity levels accounted for the significant
interaction effects recorded by analyses of variance.
From 60 dB to 100 dB, mean magnitude estimation values
for the hearing impaired group in all amplification
conditions were larger than mean values generated by the
normally hearing listeners and this difference was
attributed to the presence of recruitment. Knight and
Margolis (1984) demonstrated that abnormally rapid
loudness growth exhibited by some individuals with
sensorineural hearing loss caused these individuals to
assign larger values to high intensity signals than their
normally hearing counterparts. Comparison of mean data

between normally hearing and unaided hearing impaired
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Figure 13, Magnitude estimation functions. N = normally
hearing; H = hearing impaired; C = hearing
impaired using compression amplification;

L = hearing impaired using linear amplification.



groups at 50 dB revealed a larger mean value for the

normally hearing group which was attributed to better
hearing sensitivity at that level by the normally hearing
group. Mean data for the compression aided and linear
aided conditions were more similar to the means for the
unaided hearing impaired group. With respect to
compression, Margolis (1985) reported that magnitude
estimation functions obtained from compression aided
hearing impaired listeners were often more similar to
their unaided responses rather than the normal responses.
He attributed this finding to inadequacy of present
compression systems to produce appropriate output
limiting.

When intensity functions for ABR and magnitude
estimation were compared, the differences between them
were more obvious than their similarities. While
magnitude estimation values increased with increasing
intensity, ABR wave I and wave V latencies decreased.
When the amplification conditions of the hearing impaired
group were compared to the normally hearing data, greater
disparity from normal occurred at lower intensities for
ABR latencies and at higher intensities for magnitude
estimations. When ABR wave I and wave V
intensity-amplitude functions were compared to the
magnitude estimation functions, all functions tended to

increase with increasing intensity, but the effects of



amplification caused very different growth patterns for
the electrophysiological data. For example, while the
rate of change in ABR amplitude for the linear aided
amplification condition was slower than the other
conditions, this did not hold true when magnitude
estimation functions were recorded. Although these
findings should be interpreted with caution because of
the effects of large variance, they were in agreement
with Wilson and Stelmack (1982) and Pratt and Sohmer
(1977) who concluded that loudness information was not
reflected in any components of the ABR.

B. Electrophysiological plateaus

A plateau of flattening of slope was observed in

several of the ABR intensity functions. The occurrance of

plateaus in electfophysiological research has been

reported by investigators using electrocochleography
(Charlet de Sauvage and Aran, 1976) and ABR audiometry
(Kileny, 1982; Cox and Metz, 1980). Examination of the

intensity-latency functions revealed that the normally

hearing and linear aided hearing impaired groups exhibited
plateaus. All groups exhibited plateaus in the
intensity-amplitude functions. This plateau or flattening

could be explained physiologically or acoustically.

Charlet de Sauvage and Aran (1976) recorded wave I
(N1) intensity-amplitude functions and observed plateaus

in data from normally hearing individuals and, to a lesser
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extent, from individuals with various hearing disorders.

It was suggested that the existance of plateaus at

moderate intensity levels was related to inner and outer
hair cell function. The more sensitive outer hair cells
are stimulated by low intensity levels and, in turn,
stimulate the neural fibers associated with them., As
stimulus intensity 1s increased, more outer hair cells are
stimulated causing an increase in the amplitude of the
neural response and a decrease in its latency. When a
stimulus level which causes maximum outer hair cell
stimulation is increased, no further changes in the neural
response will occur until that level is sufficient to
stimulate inner hair cells.

Kileny (1982) suggested that if the basal portion of
the cochlea, which is the primary response region for an
ABR obtained at moderate or high intensities, was
maximally stimulated at a given intensity level,
increasing that level would not cause further decrease in
latency. Although he was referring to wave V latency,
this explanation should also apply to wave I latency
changes since the entire ABR is initially generated from
the same site in the cochlea,.

An acoustic explanation for the existance of plateaus
in the electrophysiological functions concerned

limitations of the transducers. If a loudspeaker which

transduces the stimulus is driven maximally at some level,
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further increase in signal amplitude would result in
distortion of the signal as it is transduced. A distorted
signal might have changes in its rise time and duration of
suffient magnitude to cause increase in latency and
decrease in amplitude rather than the reverse (Gorga,
Abbas and Worthington, 1985; Hecox, Squires and Galambos,
1976). Further signal degradation occurs with the
introduction of a hearing aid (XKileny, 1982).

If Kileny's physiological explanation or an acoustical
explanation were appropriate then plateaus would have
occurred only at higher intensity levels. Most of the
plateaus observed in the functions presented in Figures 9
through 12 occurred at moderate intensities and,
therefore, could be explained on the basis of inner and
outer hair cell function. Three exceptions to this trend
of plateaus at moderate intensities revealed plateaus at
high intensity levels. These involved wave V latency data
of normally hearing and linear aided hearing impaired
groups and wave I amplitude data of the unaided hearing
impaired group.

When intensity functions were examined for individual
listeners, different patterns emerge. For many of the
normal hearing listeners, plateaus in wave I and wave V
latency occurred between 90 dB and 100 dB, but these
plateaus were not observed for wave I and wave V amplitude

at those levels. For both groups and under all conditions
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of amplification, there were instances where plateaus
existed for latency at one level and amplitude at another.
In other cases, two plateaus existed within the same
function. Perhaps acoustical and physiological
explanations were necessary to interpret these data.

Plateaus were not observed in the magnitude estimation
functions and this finding was in agreement with the
results of Cazals and Stevens (1975). The absence of
plateaus in psychophysical functions would support the
theory that loudness perception was not reflected in ABR
intensity functions.

C. Psychophysical power functions

In Figure 14 magnitude estimation data were plotted on
a log/log plot forming straight line functions. These
straight line functions demonstrated that loudness grew as
a power function of intensity. The exponent of the
function for the normally hearing group was 0.6. This
value was greater than the exponent value of 0,48
determined by Raab and Osman (1962), but these
investigators used single clicks for stimuli rather than a
continuous click train. When compared to exponents
determined for continuous stimuli, the value of 0.6 agreed
favorably with Stevens and Guiaro, 1962; and Stevens,
1956.

The exponents for the hearing impaired under all

amplification conditions were larger than 0.6 indicating
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steeper slopes. The following values 1.14, 0.91 and 1.0l

were obtained for the unaided, compression aided and
linear aided data, respectively. Although the exponent of
the function for the compression aided condition was the
smallest, it was still quite different from the exponent
of the function for the normally hearing group.

D. Intensity effects

The most consistent finding from the analyses of
variance was a significant main effect for intensity. As
intensity decreased, ABR latencies increased and ABR
amplitudes, in general, decreased and magnitude estimation
values decreased. These findings reflected the
characteristic changes which occur in the ABR and loudness
perception as stimulus intensity is changed.

The change in latency as a function of intensity has
been reported by many investigators and is considered a
reliable phenomenon (Schwartz and Berry, 1985). This
latency shift with decreasing intensity has been
attributed to reduction in neural firing (Picton, Woods,
Baribeau-Braun and Healey, 1977). ABR amplitude, on the
other hand, is not considered as stable or reliable
because it can be influenced by myogenic activity, noise
level, and minor alterations in recording technique
(Schwartz and Berry, 1985). 1In the present study, wave I
and wave V latencies increased as stimulus intensity

decreased, but amplitude, in some cases, fluctuated



slightly between decreasing and increasing. These

findings were in agreement with previous literature

(Schwartz and Berry, 1985) and suggested that ABR
latencies and amplitudes were not the physiological
correlates of loudness growth., ABR latency had an inverse
relationship with intensity while loudness perception did
not. Although ABR amplitude and loudness perception both
increased with increases in intensity, the fluctuations
which appeared in the ABR intensity-amplitude functions
were not present in the magnitude estimation functions.

E. Analysis of amplification conditions

Analysis of variance was also used to determine if
statistically significant differences existed between
amplification conditions in the hearing impaired group.

No statistically significant differences between
amplification conditions were observed for any of the five
dependent variables. These findings were not interpreted
to mean that the introduction of amplification did not
provide benefit to the listeners since the listeners were
successful hearing aid users as defined by subject
selection criteria. Increased distortion of the click
stimuli by the hearing aids or less than optimal hearing
aid settings might have prevented distinct separation of
the intensity functions for unaided and aided conditions.

The addition of stimulus distortion by the hearing aid

transducer was thought to contribute to increased latency
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and decreased amplitude which would counteract the effects
of increased intensity as the clicks were amplified. A
change in click spectrum was recorded with KEMAR wearing a
Phonic Ear 805 CD hearing aid, so it is not unreasonable
to assume that change in stimulus characteristics after
amplification would result in effects on ABR latencies and
amplitudes. Unaided and aided click spectra are presented
in Figures 15 and 16.

Inadequate hearing aid gain could also explain the
non-significance between groups. Although the hearing
impaired listeners in this study were considered
successful hearing aid users, the amount of amplification
delivered by the hearing aids did not always bring
sensitivity up to within normal limits. The average
amount of improvement in warbled tone threshold with
hearing aids worn at preferred settings is shown in Figure
17. Although further increases in gain may have been
desirable, it was noted that the introduction of
amplification at preferred settings permitted the
recording of ABR wave V and magnitude estimation values
greater than zero at 50 dB where these responses had not
been previously observed.

In the case of magnitude estimation, inadequate
compression could have prohibited the hearing impaired
group from attaining normal loudness estimates at 90 dB

and 100 dB levels. Kiessling (1982) reported that the
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amount of compression he calculated as necessary to obtain

normal wave V intensity-amplitude functions was not always
available in commercial hearing aids. In the present
study, 1t was not that the hearing impaired listeners were
unable to obtain a greater compression setting because
none of the hearing impaired listeners in this study wore
their hearing aids at the maximum compression setting.

If data from compression and linear amplification
conditions were examined in figures 9 through 13, an
interesting pattern emerged. The relationships between
these conditions appeared to change at, or slightly above,
80 dB SPL. For example, when wave I amplitude or
magnitude estimation data from figures 11 and 13 were
examined, mean values for the two conditions were very
similar at and below 80 dB, but not above this level.

When hearing aid input-output functions were recorded with
activation of compression circuits, the 80 dB level
corresponded to an average '"knee point" where
non-linearity began to occur. "Knee points" for
individual hearing impaired listeners ranged from 75 dB
SPL to 85 dB SPL.

F. Experimental questions 11 through 18

Correlations were determined between magnitude
estimation data and each of the other dependent variables
for normally hearing and hearing impaired (unaided,

compression aided and linear aided). The r values for
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each group were ranked by degree of strength and are shown
in Table 47. The strongest correlation across groups was
between magnitude estimation and wave V amplitude,
followed by correlations between magnitude estimation and
wave I amplitude, magnitude estimation and wave V latency,
and magnitude estimation and wave I latency.

The correlation between magnitude estimation and wave
V amplitude suggested a substantial relationship 1if
interpreted with Guilford's (1956) classification table,
however, the use of a wave V intensity-amplitude function
to predict loudness growth would be inappropriate.
Guilford's classification table is presented in Table 48.
The use of a variable as a predictor requires a much
higher correlation (Williams, 1968). The variability of
ABR amplitude as it is presently measured would also
preclude the use of the wave V intensity-ampliude function
as a predictor of loudness growth.

G, ABR wave V latency

Hecox (1982) suggested that hearing aid gain be set at
a level which caused a wave V latency to appear at 6.0 ms
when click stimuli were delivered at 60 dB. McPherson and
Clark (1983) suggested that gain be adjusted so that wave
V latency occurs at 6.5 ms when stimuli were presented at
a most comfortable listening level. In the present study,
neither normally hearing or aided hearing impaired

individuals had wave V latency values at or near 6.0 ms at
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Guilford's correlation classifications. From
J.P. Guilford, Fundamental Statistics in
Psychology and Education (New York: McGraw-

Hill, Inc., 1956), p. 145.

Table 48.

Classifications

less than .20 Slight; almost negligible
relationship

.20 to .40 Low correlation; definite but
small relationship

.40 to .70 Moderate correlation;
substantial relationship

.70 to .90 High correlation; marked
relationship

more than .90 Very high correlation;
very dependable relationship




143

60 dB. Instead, mean wave V latencies for the normally

hearing and aided hearing impaired groups were greater
than 7.0 ms at 60 dB. Even increasing click intensity to
70 dB did not cause mean wave V latencies to occur below
7.0 ms.

Procedural differences with respect to loudspeaker
placement and signal level measurement most likely account
for the disparity between the results of this
investigation and previous studies. The loudspeaker used
in the present study was placed 10 cm away from each
listener's ear, while other studies report placement of a
loudspeaker or earphone at 3 to 5 cm from the ear under
test. ‘A latency shift of 0.2 ms should occur if a
loudspeaker or earphone is moved from a position 3 cm from
to ear to 10 c¢m. This correction factor alone could not
account for the differences in wave V latency observed
between studies. In the present study, intensity level
was measured by placing KEMAR with an associated measuring
amplifier 10 cm from the loudspeaker and reading decibel
values from the meter on the measuring amplifier. In
previous studies it was not clear whether the
investigators used a similar measuring technique or simply
read the decibel value on the attenuator dial of their ABR
test units. Since direct comparison of procedures cannot
be made, findings of wave V latency values greater than

6.0 ms at 60 dB cannot be used to discuss conclusions made



by previous investigators.

Galambos and Hecox (1978) suggested that steeply
sloping wave V intensity-latency functions were
characteristic of hearing impaired individuals who
exhibited loudness recruitment. Table 49 revealed that
two unaided hearing impaired listeners (#2 and #8) in the
present study had normal loudness perception as measured
by magnitude estimation, but exhibited a greater than
normal wave V latency shift. The latency shift was
measured between 100 dB and 80 dB because there were no
missing data cells at those levels. Conversely, listeners
#3 and #7 had steeply sloping magnitude estimation
functions, but lower than or close to normal wave V
latency shift. The other four hearing impaired listeners
had steeply sloping magnitude estimation functions and
greater than normal wave V latency shifts. It was not
evident from these data that a clear relationship existed
between loudness growth and ABR wave V intensity latency
functions.

Table 49 also identified the pure tone threshold shift
from 1000 Hz to 4000 Hz which was used to describe
audiometric contour. This information was used to examine
relationships between audiometric contour, shape of the
magnitude estimation function and wave V latency shift.
Gorga, Worthington, Reiland, Beauchaine and Goldgar (1985)

proposed that steeply sloping wave V intensity-latency




Table 49, Individual data from hearing impaired subjects
and mean data from the normally hearing group
representing audiometric contour, shape of
ME function and wave V latency shifts.

Shift in dB Shape of ME Wave V
S from lk-4k function latency shift
1 45 steep .32
2 60 normal .32
3 45 steep .12
4 25 steep .40
5 40 steep .86
6 30 steep .52
7 35 steep .04
8 25 normal .24

9-16 9 normal .17
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functions were related to audiometric configqration rather
than loudness perception. The results for hearing
impaired listener #2 would support their conclusion.
Listener #2 exhibited a sharp slope in audiometric
contour, larger than normal wave V latency shift and no
abnormal loudness perception for clicks. In contrast
listener #3 exhibited a sharp slope in audiometric
contour, a steeply sloping magnitude estimation function
and a near normal wave V latency shift which suggested
that a relationship existed between loudness perception
and audiometric contour. Most of the hearing impaired
listeners in the present study had greater than normal
pure tone shifts from 1000 Hz to 4000 Hz, steeply sloping
magnitude estimation functions and greater than normal
wave V latency shifts which suggested that a relationship
existed between all three factors. Since the number of
subjects used in this study was small and conflicting
patterns were present in the data with regard to
audiometric contour, wave V intensity-latency function and
loudness perception, information about the relationship
between loudness growth and the wave V intensity-latency

function remained inconclusive.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

A. Limitations of the study

The subject selection criteria limited the number of
listeners eligible to participate in this investigation.
The availability of eligible listeners further reduced the
number of participants who could be tested and this
resulted in a small sample size.

Although all hearing impaired individuals
participating in this study used Phonic Ear 805 CD hearing
aids, the intermnal adjustment for amount of compression
and the volume control adjustment were slightly different
for some subjects. The inconsistancy among preferred
hearing aid settings was thought to have increased
variability.

The inability to record a measurable wave I left many
empty data cells and caused simpler statistical analyses
to be performed. It also caused a reduction in the number
of intensity levels used in the intensity functions for
wave I since only a very limited numbér of responses were
recorded at 50 dB and 60 dB.

B. Summary and conclusions

The purpose of this study was to determine if the use

of amplification caused intensity functions generated by
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hearing impaired individuals to more closely approximate
the functions generated by normally hearing persons.
Visual inspection of the data revealed that the
introduction of amplification had differential effects on
the dependent variables. Intensity functions generated by
the hearing impaired group utilizing compression
amplification tended to approach normal values more often
than functions generated with linear amplification, but
this trend was not established as statistically
significant when analysis of variance was applied. Since
correlational analysis revealed no strong correlations
between magnitude estimation and any of the other four
dependent variables, the use of either ABR
intensity~latency or intensity-amplitude functions would
be inappropriate to predict loudness growth.

ABR has been used to fit hearing aids in difficult to
test patients (Hecox, 1982; Kileny, 1983; Mahoney, 1985).
It may continue to have a role in the evaluation of
amplification for certain individuals, but it is important
for the audiologist using this technique to recognize that
information about loudness perception cannot be inferred
from the data.

C. Suggestions for further study

The relationship between loudness growth and ABR
intensity functions has not yet been clearly determined

and further research should be pursued. The following are
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suggestions to improve the present design or ideas for

future studies:

1.

Further examination of wave I intensity-latency and
intensity-amplitude functions should be performed
with electrocochleography to insure better
recording of wave I.
Re-examine the intensity functions at levels above 60
decibels to avoid problems with emplty data cells.
In an effort to reduce within group variance, a

N
strict subject selection criteria should be adhered
to with respect to hearing level and word
recégnition ability.
Using a large N, determine correlations between
audiometric configuration, loudness growth functions
and ABR intensity function.
Measure magnitude estimation functions before and
after aural rehabilitation or at time of hearing aid
fitting and six months later to determine if
adjustments made to amplification cause changes in

loudness growth.
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CLINICAL APPLICATION OF THE ABR

In terms of hearing threshold assessment, the ABR
wave V threshold obtained with click stimuli has been
found to be a good estimator of pure tone thresholds in
the 2000 Hz to 4000 Hz region (Coats and Martin, 1977,
Moller and Blegvad, 1976). Wave V is the wave of choice
to determine hearing level because it is the most robust
wave in the ABR and the last to disappear when stimulus
intensity is decreased (Jewett and Williston, 1971;
Gaiambos and Hecox, 1978).

The nature of the stimulus used to elicit the ABR
accounts for the good correlation between wave V
threshold and behavioral pure tone thresholds between
2000 Hz and 4000 Hz. In order to elicit the ABR, the
stimulus must have a very fast rise time and short
duration (Hecox, Squires and Galambos, 1976). In the
case of clicks which are commonly used in clinical
testing, the acoustic spectrum has its peak value in the
regions above 2000 Hertz. Other stimuli used in ABR
threshold testing include tone bursts and logons which
can be made with spectra in other frequency regions.
Some of these stimuli have been used to provide an
estimate of hearing below 2000 Hz, but correlations with
pure tone data have not been very strong.

ABR test procedures have been used for the

differential diagnosis of hearing disorders. Galambos



and Hecox (1978) examined wave V intensity-latency

functions and found differences between functions
generated by individuals with normal hearing, conductive
and sensorineural hearing losses. With respect to
sensorineural loss, steeply sloping I-L functions were
thought to be indicative of recruitment, but other
investigators (Gorga, Worthington, Reiland, Beauchaine
and Goldgar, 1985) have concluded that steep I-L
functions were correlated with audiometric contour.
Jerger and Mauldin (1979) proposed the use of bone
conducted clicks to estimate the behavioral air-bone gap
in the 1000 Hz to 4000 Hz region. To differentiate
cochlear from retrocochlear problems the measurement of
intra-aural wave V latency differences (Selters and
Brackmann, 1977) and wave I/wave V interwave interval
differences (Coats,l1978) are commonly used.

In terms of otoneurological evaluation, ABR
audiometry has been used in the assessment of
demyelinating diseases, differentiation of various types
of coma and evaluation of brain death (Starr and Achor,
1975). Auditory brainstem responses have also been used
in the diagnosis of pediatric neurologic desease (Hecox,
Cone and Blaw, 1981). The use of interwave interval,
wave I/wave V amplitude ratio, waveform morphology and
changes in morphology with increased rate of stimulation

which 1s appropriate for evaluation of adults has been



applied to detect neurologic desease in children,

although maturational changes in the ABR are taken into

account when results are interpreted.
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COMPRESSION AMPLIFICATION

Compression is a form of output limiting used in
hearing aids to prevent the amplification of input
signals to an uncomfortable level. The compression
circuit rapidly lowers the gain when an input signal
exceeds a predetermined level and keeps the gain down
until the input signal has decreased sufficiently. The
predetermined level has been referred to as compression
threshold and is usually set so that a listener's
threshold of discomfort is not exceeded (Braida, Durlach,
Lippmén, Hicks, Rabinowitz, and Reed, 1979).

In a hearing aid without a compression circuit (a
linear amplifier), an input signal is amplified by the
amount of gain provided. The amplitudes of all signals
are incresed by the gain level unless the input signals
become so intense that the output limit of the hearing
aid amplifier is reached. After that point, a linear
relationship no longer exists between input and output,
and distortion at the output occurs as the result of peak
clipping.

By using a compression circuit, overamplification and
peak clipping can be avoided. A compression circuit
monitors the amplitude of either the input signal or the
output signal and triggers the gain control so that

amplitudes at the output are reduced when input
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amplitudes are too high., This is accomplished through
the use of a control voltage which is obtained from the
signal (Herbst, 1983). Whereas a very high input signal
processed by a linear amplifier result in a clipped
signal at the output, a compression amplifier is able to
preserve the waveform.

The Phonic Ear 805 CD hearing aid was selected for
this study because it can be adjusted to provide either
linear or compression amplification. When the output
limit is set at maximum, the amplifier is 1linear. When
the output limit is set any lower level, the output
amplitudes depend nonlinearly on the input amplitudes.
Input, gain and output values for the linear and a

compression setting are presented in Table Al.



Table

Al.

Input/output values for two settings on the
PE 805 CD.

Qutput limit at 122 dB SPL
Input Gain OQutput
50 dB 50 dB 100 dB
60 dB 50 dB 110 dB
70 dB 50 dB 120 dB

OQutput 1limit at 118 dB SPL
Input Gain Output
50 dB 34 dB 84 dB
60 dB 34 dB 94 dB
70 dB 30 dB 100 dB
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INSTRUCTIONS TO THE LISTENERS

You are going to hear pairs of sounds. The first
sound in each pair is the standard and the second sound
is the comparison. The loudness of the standard is
equal to "10". Your task is to estimate the loudness of
the second sound. In other words, if the standard is
called "10", what would you call the comparison? Use
whatever numbers between 0 and 100 which seem appropriate
- fractions, decimals or whole numbers. For example, if
the comparison sounds 7 times as loud as the standard,
its loudness would be 70. If it sounds 1/5 as loud, its
loudness would be 2.

Try not to worry about being consistent; try to give
the appropriate number to each sound regardless of what
you may have called the comparison sound in a previous

pair.
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