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ABSTRACT
Spontaneous otoacoustic emissions (SOAEs) are narrowband
continuous signals that can be recorded from the ear canals of humans
in the absence of external stimulation.

SOAEs have been detected in

30 to 50% of individuals whose hearing is within normal Limits.

They

are believed to originate in the cochlea but the mechanism by I-Thich
they are produced remains unknown.

It has not been determined i f

SOAEs ar.e an indication of subtle abnormality in the cochlea or if
they are the result of an auditory system that is functioning
normally.

Most investigators agree, however, that an active source

of energy within the cochlea is required for the generation of SOAEs.
The objective of this study was to describe the

efr~cts

SOAEs on behavioral sensitivity and frequency selectivity.
subjects with SOAEs were evaluated.

of

Eight

Sensitivity was measured using a

Bekesy tracking method to obtain thresholds at 30-Hz intervals.
Microstructure audiograms were obtained in this manner from the
frequency region surrounding the SOAE and from the same frequency
region in the other ear where no SOAE was detected.

Frequency

selectivity was assessed using a Bekesy tracking method to obtain
psychophysical tuning curves (PTCs) from frequency regions with and
without SOAEs.

vii

viii

SOAEs were found to be associated consistently with thr8shold
minima (r8gions of increased sensitivity) on the microstructure
audiograms, although not all threshold minima corresponded to SOAE
frequencies.

PTCs centered at SOAE frequencies were characterized by

higher Q10 values than PTCs from the same frequency region in thp.
.)I;h8r:' ear or from a higher frequency region in the same ear.

The

high and low frequency slopes were not found to differ significantly
when PrCs from frequency regions \'1i th and without SOAEs were
compared.

These results suggest that the differences between PrCs

obtained from frequency regions with and without SOAES are restricted
to the tips of the PrCs.

Complex interactions among the SOAE, the

probe tone, and the masker were thought to be r:'esponsible for the
enhanced frequency selectivity observed near SOAE frequencies and
manifested by higher Q10 values.

CHAPTER 1
INTRODUCTION
One of the most exciting recent discoveries in the field of
auditory physiology is the observation that the ear is capable of
emitting sounds that can be detected externally.

These sounds may be

generated by the introduction of external stimuli to the ear, or they
may be

p~esent

spontaneously in the absence of any known stimulus.

Three types of stimulated emissions have been identified:

(a) evoked

emissions, which are detected following presentation of transient
acoustic stimuli; (b) distortion product emissions, which are present
during stimulation of the ear with two external continuous tones; and
(c) stimulus frequency emissions, which are continuously present at
the stimulus frequency during continuous acoustic stimulation.
Kemp (1978) first reported the presence of evoked emissions
or cochlear "echoes."

Evoked emissions may be recot'ded from the

human ear with a miniature mict'ophone placed in Ot' coupled to the
external auditory meatus.

A signal averaging technique is used to

identify the response, which occurs 5 to 20 msec after presentation
of a brief acoustic stimulus.

The evoked acoustic emission is

relatively weak «30 dB SPL) and grows nonlinearly with increases in
stimulus level (Anderson, 1980; Kemp, 1979b).

It is known that the

2

middle ear oscillates for 5 to 6 msec following stimulation, however,
this oscillation is rapidly damped and cannot account foJ:' the
continued nonlinear evoked emission which has a duration of up to 40
to 60 msec (Kemp, 1979b, 1980; Rutten, 1980).

The averaged waveform

of the response is dominated by a few specific frequencies for either
click or toneburst stimuli.

Evoked emissions have been detected from

the majority of subjects evaluated, including neonates (Johnsen,
Bagi, & Elberling, 1983; Johnsen & Elberling, 1982, 1983).

Ears that

exhibit hearing losses greater than 15 to 30 dB HL do not produce
evoked emissions (Kemp, 1978; Rutten, 1980).
Distortion products also have been observed in signals
recorded from the ear canals of humans and animals when the

e~r

is

stimulated by two external tones (Kemp, 1979b; Kemp & Brown, 1983~;
Kim, 1980; Kim, Molnar, & Matthews, 1980; Wilson, 1980a; Zurek,
Clark, & Kim, 1982).

Cubic difference tones (2fl-f2 and 2f2-fl) are

among the largest of the distortion products that have been detected
in the ear canal.

They appear to exhibit characteristics similar to

those seen in psychophysical studies.

The maximum sound pressure

levels (SPLs) measured have been about 20 dB for distortion product
emissions and are much lower than those measured for psychophysical
cubic difference tones (Wilson, 1980a).

Distortion product emissions

are not seen in impaired ears.
Stimulus frequency emissions are detected in the ear canal
when the ear is stimulated with a low level continuous tone (Kemp,
1979a; Kemp & Brown, 1983b; Kemp & Chum, 1980; Wilson, 1980b).

l:lhen

3
the electrical representation of the stimulus tone is removed from
the recording obtained in the ear canal by a subtraction process, a
10 to 20 dB SPL oscillation remains at the frequency of the stimulus
tone.

Unlike evoked emissions, these stimulus frequency emissions

appear to be present at most frequencies for a single ear, and they
have been detected in almost all healthy ears tested (Kemp & Chum,
1980) •
From studies using animals, it has been demonstrated that
both evoked emissions and distortion product emissions are altered by
hypoxia, overstimulation, 'and ototoxic drugs (Anderson & Kemp, 1979;
Kim et al., 1980; Siegel & Kim, 1982b; Zurek, Clark, & Kim, 1982;
Zwicker & T1anley, 1981), which are agents known to affec t the
peripheral auditory system.

These observations are an indication

that stimulated emissions originate in the cochlea.

The exact

location of their origin remains unknown, however, and it is possible
that separate mechanisms in the cochlea are responsible for
production of the different types of stimulated emissions.
Spontaneous Otoacoustic Emissions
Recently, low level narrowband sounds have been recorded in
the absence of stimulation from the ears of human subjects having
normal audiograms (Bright & Glattke, 1984; Fritze, 1983a, 1983b;
Hammel, 1983; Kemp, 1979b; Rabinowitz & Widin, 1984; Ruggero, Rich, &
Freyman, 1983; Schloth, 1983; Schloth

&

Zwicker, 1983; l'lier, Norton,

& Kincaid, 1984; Wilson, 1980b; Wilson & Sutton, 1981; Wit,

4

Langevoort, & Ritsma, 1981; Zurek, 1981).

These spontaneous

oto8coustic emissions (SOAEs) are sounds that m8Y or may not be
audible to the individual from whose ears they are detected and are
of such low sounu pressure levels that they generally are not audible
to an observer.

Spontaneous emissions are recorded using the same

technique described for obtaining evoked emissions, but no stimulus
is required to elicit the SOAE.
(bandwidths

SOAEs are continuous and narrowband

< 10 Hz) and are present at relatively stable 8mplitudes

and frequencies

SO

that amplification of the signal and averaging of

the spectrum of the noise in the external auditory meatus are all
that is required to establish the presence of a spontaneous emission.
The majority of SOAEs fall within the frequency region from
1000 to 2000 Hz (Bright & Glattke, 1984; Zurek, 1981), although

emissions higher than 7000 Hz have been reported (Ruggero et al.,
1983; Zurek, 1981).

It is not uncommon for multiple SOAEs to be

detected in the same ear, and SOAEs may be detected in one or both
ears of the same subject.

When they are observed in both ears, they

are not necessarily of the same frequency.

All of the SOAEs recorded

from human ears have been of sound pressure levels less than 20 dB,
and the majority of these have been less than 10 dB SPL.
There are a variety of cases of audible spontaneous sounds
emitted from the ears of individuals that an observer can detect
simply by listening.

These sounds have been referred to as

"objective tinnitus" and mayor may not be audible to the individuals
from whose ears they can be detected.

In most of these cases, the

5
sounds have been due to vascular phenomena, nasopharyngeal sounds,
mandibular clicks, or muscle contractions (Atkinson, 1947), resulting
in pulsatile tinnitus or clicks (Coles, Snashell, & Stephens, 1975).
In a few cases, however, a tonal objective tinnitus has been reported
( e.g., Coles et al., 1975; Glanville, Coles, & Sullivan, 1971;
Huizing & Spoor, 1973).

An interesting observation from the

Glanville et ale report (1971) is that three members of the same
family were found to have objective tinnitus, presumably traced to a
dominant autosomal gene.

For all three family members, which

included the father, a 2-year-old boy, and a 4-month-old girl, the
primary component of the tonal objective tinnitus was of high
frequency (3500 Hz or greater) and was associated with an abnormality
in the audiogram (high frequency hearing losses of 40 to 60 dB HL).
In a follow-up study of two members of this family 13 years after the
original report, the frequencies of the sounds emanating from the
four ears were relatively unchanged (Wilson & Sutton, 1983).

Each of

the four ears exhibited multiple emissions in the frequency range
from 1.4 to 17 kHz.

The most prominent were in the 5.2 to 8.5 kHz

range at levels of about 40 dB SPL.

The observations that these

emissions are associated with abnormal audio grams and that thay are
of frequencies and SPLs significantly higher than those observed for
other SOAEs suggest that the mechanism responsible for these
emissions may be different from the one thought to account for SOAEs.
One of the earliest reports of SOAEs from a sample of
subjects is that of Zurek (1981).

.• ;--., - - -... t:.

Of 32 subjects having normal

G

hearing, Zurek reported that 16 subjects (50%) had at least one
observable SOAE.

None of the subjects with tinnitus or hearing loss

exhibited SOAEs in the affected ears with the exception of one
subject who had a precipitous high frequency hearing loss but had
normal pure-tone thresholds in the frequency region of the emission.
Wilson and Sutton (1981) reported that of 11 subjects with tinnitus
in at least one ear, four had observable SOAEs.

Two of the subjects

were able to match the frequency of their tinnitus to at least one
SOAE frequency.

If hearing losses were present, the emissions

occurred in frequency regions of normal hearing.

Tyler and

Conrad-Armes (1982) reported that in a search for SOAEs among 25
subjects with severe tinnitus, one emission was found.

It is not

known if any of these subjects also had hearing losses.

Of 20

subjects with normal hearing, Tyler and Conrad-Armes observed SOAEs
in 5 subjects (25%).

In other studies of subjects with normal

hearing, 34% to 42% have been reported to have at least one SOAE
(Bright & Glattke, 1984; Fritze, 1983a, 1983b; Rabinowitz & Widin,
1984; Schloth, 1983; Wier, Norton, & Kincaid, 1984).

SOAEs also have

been detected in children with a prevalence similar to that observed
for adults (Strickland & Burns, 1984; Strickland, Burns, Tubis, &
Jones, 1984).
Fritze (1983a) reported finding emissions in 7 of 19 adults
(37%) with normal hearing.

He also searched for SOAEs in subjects

having sensorineural hearing losses.

Of 12 subjects with mild

sensorineural hearing loss «30 dB), 7 had emissions and 5 of these

... ":---'~

--~_.1.:

.
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had more than one emission.

Of 11 subjects with sensorineural

hearing loss greater than 30 dB, none were found to have SOABs.

It

would appear that SOAEs are not found in ears that exhi bi t headng
loss greater than 30 dB HL, although not all subjects with normal
hearing have observable SOAEs.
not

~elated

In addition, SOAEs and tinnitus are

in a simple manner, as manifested by conflicting reports

in the literature.
Spontaneous emissions must be transmitted to the ear canal
via the middle ear, and it would seem logical that changes in middle
ear status would have an effect on SOABs.

Kemp (1981) reported that

changes in middle ear compliance induced by applying either positive
or negative pressure to the ear canal caused a shift in the frequency
of the emission of up to 50 Hz.

He proposed that such a frequency

change was an indication of a phase shift in a feedback loop, which,
he has suggested, may produce the SOAE.

Wilson and Sutton (1981)

noted similar results with changes in external canal pressure.

They

reported that the frequency shifts could occur in either direction,
although the frequency usually increased.

The SPLs of the emissions

increased or decreased with changes in pressure.

More recently,

3chloth and Zwicker (1983) have demonstrated that positive or
negative changes of ear canal pressure caused a decrease in the SPL
of the emission.

For one subject, however, a change of frequency of

8 Hz or more induced by a change in ear canal pressure caused a
previously inaudible emission to become audible to the subject.

In

addition, changes of middle ear impedance due to the acoustic reflex

.';--.- - - - ... t.:.
..

~

,""-"'- ....... "*"1.

.
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resulted in a slight increase in the frequency of the emission « 6
Hz) and a decrease in the SPL of the SOAE « -12 dB SPL).
McFadden and Plattsmier (1984) have investigated the effects
of moderate doses of aspirin on SOAEs from five subjects.

For all

subjects, the SOAEs gradually disappeared during repeated doses and
then recovered to their pre-drug levels when the ingestion of aspirin
was discontinued.

The observation that SOAEs may be temporarily

eliminated by a known ototoxic substance supports the premise that
they originate in the cochlea.
Other interesting phenomena have been observed with respect
to SOAEs (for review, see McFadden & Wightman, 1983).

Occasionally,

subjects who are not aware of an SOAE report hearing beats or
roughness

~hen

an external tone is introduced close to the frequency

of the SOAE (Kemp, 1981; Wilson & Sutton, 1981; Zurek, 1981).

This

has been explained as an irregular locking and unlocking of the SOAE
frequency to the external tone (Wilson & Sutton, 1981; Zurek, 1981).
In addition, an external tone may cause the frequency of the emission
to shift when it is sufficiently close to the emission frequency
(Rabinowitz & Widin, 1984; Tubis, Jones, & Burns, 1984;
Sutton, 1981; Zurek, 1981).

~ilBon

&

The frequency of the SOAE may be changed

toward or away from the frequency of the tone.

Also, it is possible

to synchronize the phase of an emission to a click or a toneburst
(Wilson, 1980b; Wilson & Sutton, 1981).

As the intensity of the

external stimulus is increased, the frequency band over which
synchronization occurs is increased ('dilson & Sutton, 1981).

Hhen
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the data are plotted as the frequency range over which synchronization occurs versus the SPL of the stimulus, the result is a
V-shaped function similar in appearance to a neural or psychophysical
tuning curve.
A spontaneous emission may be suppressed by an external tone.
When an external tone is introduced to the ear, a set of data points
may be obtained by altering the frequency and level of the tone until
the amplitude of the emission is reduced by some predetermined amount
for a variety of tone frequencies (Kemp, 1981; Rabinowitz & Widin,
1984; Wilson & Sutton, 1981; Wit et a1., 1981; Zurek, 1981).

\'lhen

they are plotted, the data resemble psychophysical tuning curves and
have been referred to as suppression tuning curves.

Psychophysical

tuning curves represent the pattern of displacement of the basilar
membrane when a constant stimulus is masked by a stimulus that can be
varied in frequency and level.

SOAE suppression curves are thought

to represent a similar relationship between the SOAE and the external
stimulus.

Procedures and suppression curve characteristics differ

from one report to another and many of the suppression curves
represented in the literature have minima that are above the
frequency of the emission (Ruggero et al., 1983; Schloth & Zwicker,
1983; Wilson & Sutton, 1981; Zurek, 1981).

Ruggero et al. (1983)

reported that the most effective frequency for suppression may be as
much as 900 to 2000 Hz above the SOAE.

In addition, Ruggero and

colleagues noted that a series of peaks and valleys existed in one of
their curves that could be matched to maxima and minima in the

,";:---'- ----.\..
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microstructure audiogram, and the suppression curve obtained by them
was much wider than psychophysical tuning curves.

They attributed

the frequency displacement of the curve and its width, in part, to
shifts in the frequency of the emission that may occur when an
external tone is introduced.

Wilson and Sutton (1981) also

recognized that shifts in the SOAE frequency caused by an external
tone altered suppression curves.
Several authors reported a difference in the characteristics
of suppression on the high frequency side of the suppression curve
when compared with the low frequency side (Rabinowitz & Widin, 1984;
Schloth & Zwicker, 1983; Zurek, 1981).

More specifically, they

determined that the growth of suppression is much more gradual on the
high frequency side of the curve (1 dB of SOAE reduction/1 ,IB
increase in suppressor level) than it is on the low frequency side (5
dB/dB).

Zurek (1981) compared the change of suppression seen during

suppression of an SOAE with that seen in a counterpart psychoacoustic
measurement.

The asymmetrical growth of suppression for the high and

low frequency sides of the curves was similar for the two
measurements and was taken as further evidence that SOAEs originate
in the cochlea.
In addition to growth of suppression, several other aspects
of suppression of SOAEs have been investigated.

Rabinowitz and Widin

(1984) attempted to suppress an emission with a contralateral
stimulus to determine whether or not auditory system efferent
activity might assume a role in SOAE production.

<,_ ... - - - - .•

~.

They were unable to
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demonstrate that contralateral stimulation significantly altered
SOAEs.

The small changes in 30AEs that were 8een were attributed to

middle ear liw:3cle reflexes and the resulting alteration in
transmission through the middle ear.

Other researchers have reached

the same conclusion (Grose, 1983; Schloth & Zwicker, 1983).
The interaction of two external tones may cause a
previously-suppressed SOAE to be released from suppression
(Rabinowitz & iofidin, 1984; Tubis, Jones, & Burns, 1984).

As noted.

earlier, the introduction of one external tone may suppress an SOAE;
introduction of a second external tone appears to suppress the first
tone allowing the emission to be released from suppression.
Similarly, Burns, Strickland, Tubis and Jones (1984) have
demonstrated that when multiple SOAEs are present in an ear,
suppression :)f one of the SOAEs by an external tone may cause a
second SOAE to increase in amplitude and shift its frequency.

Burns

et ale described another apparent interaction between SOAEs called
"linked-noncontiguous" SOAEs.

A subject with multiple SOAEs may

exhibit one subset of the total number of SOAEs on one occasion and a
second subset on another occasion.
30~Es

consistently.

The tW0 subsets comprise the

sam~

Burns and colleagues suggested that energy must

be shared between the two conditions. Furthermore, in ears with
multiple SOAEs, some of the emissions appear to be cubic distortion
products (2f1-f2) fonned by two primary SOAEs (Burns, Strickland,
Tubis, & Jones, 1984).

When

one or both of the primary SOAEs are

suppressed, the distorti0n product emissions have been eliminated •

. ':----

---- -.

~
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They occur at levels relative to the primary emissions that are
higher than relative levels of distortion products produced by
external tones and measured psychophysically.
Rutten and Buisman (1983) stimulated an ear having a single
SOAE with a low level pure tone (0 to 5 dB HL) and

repoc~ed

that nine

additional emissions appeared in the frequency region of the SOAE
during stimlation at the SOAE frequency.
one month later.

This finding was replicated

Changes in SOAE amplitude for various stimulus

levels were examined and were not consistent for the five SOAEs
evaluated.

Two of the input/output functions resembled power

functions and two others were rapidly saturated.

By contrast,

stimulated emissions (those not detected spontaneously) consistently
exhibited power-like input/output behavior.
Fritze (1983b) reported that acoustic stimulation for 3 to 5
minutes with a pure tone stimulus at 100 dB SPL caused an SOAE to
disappear and become replaced by one or two other emissions in the
adjacent frequency range.

These secondary emissions disappeared as

the original emission returned 15 to 20 minutes after stimulation.
This phenomenon was demonstrated in two subjects.

It appears that

complex interactions exist between multiple SOAEs and bet'veen SOAEs
and external stimuli.

These interactions have not been fully

explained.
SOAEs have been detected in relatively few animals.

Seven

frogs (Palmer & Wilson, 1982), two dogs (Decker & Fritsch, 1982;
Ruggero, Kramek, & Rich, 1982, 1984), one guinea pig (Evans, Wilson,
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& Borerwe, 1981), and two chinchillas (Zurek & Clark, 1981) have been
reported to have SOAEs.

The SOAEs that are reported are considerably

larger in amplitude in animals than in humans.

Ruggero et al. (1984)

detected multiple SOAEs between 9000 Hz and 11000 Hz from a dog at
levels of 26 to 59 dB SPL.

Results obtained by Decker and Fritsch

(1982) from a dog involved objective tinnitus (the level of which was
not specified) at a frequency of about 10000 Hz which did not appear
to be associated with a hearing loss.

The guinea pig's SOAE occurred

at 1150 Hz at an average level of 21 dB SPL.

The SOAEs from the

chinchillas occurred near 4600 Hz at 40 dB SPL and near 6500 Hz at 27
dB SPL (Zurek & Clark, 1981).

They were audible without

amplification when the chinchilla's ear was held near the listener's
ear.
Data collected from the single guinea pig having an SOAE at
1150 Hz in one ear indicate that the SOAE could be synchronized to or
suppressed by external tones (Evans et al., 1981).

During periods of

hypoxia, the emission disappeared and then returned approximately 2
minutes after restoration of oxygen to the animal.

The frequency and

amplitude of the SOAE were altered by changing middle ear stiffness,
however, the SOAE was unaffected by muscle-paralyzing agents or by
cutting of the middle ear muscles.

These results also suggest

~

cochlear origin for the SOAE.
The SOAEs observed in chinchillas were detected only after
repeated exposure to excessive noise.

Of 28 chinchilla ears exposed

to nOise, one SOAE was found in each of two different chinchillas.

he

•. ~ .... ..... "'_• .

•

-

14

Zurek and Clark (1981) were unable to find SOAEs in 28 chinchilla
ears not exposed to noise.

The SOAEs detected in chinchillas

elChibi ted a larger amount of frequency fluctuation than that normally
seen in humans.

For example, during one session the frequency of an

emission began at 5680 Hz and 30 minutes later changed to 4730 Hz.
Suppression of the SOAEs by external tones resulted in suppression
tuning curves similar to those observed for human subjects.

The

amount of suppression for external tones higher in freequency than
the SOAE was the same as that for tones lower in frequency than the
SOAE.

This is contrary to growth of suppression observations from

human subjects (Rabinowitz & \Vidin, 1984; Schloth & Zwicker, 1983;
Zurek, 1981).

Frequency shifts of the SOAE also were observed in the

chinchilla ears during suppression.

In addition, recovery from

suppression was measured for one chinchilla and was directly related
to the level of the suppressor.
Histopathological observations were made on the emitting and
non-emitting ears of the chinchilla with an SOAE at 4650 Hz in the
right ear (Clark, Kim, & Bohne, 1983; Clark, Kim, Zurek, & Bohne,
1984).

A discrete loss of both inner and outer hair cells on a

region of the basilar membrane that corresponded closely to 4650 Hz
was seen ill the emitting ear.

A similar discrete loss of hair cells

existed in the non-emitting ear.

In both ears, squamous epi thelial

cells covered the basilar membrane in the middle of the area of
lesion.

At the apical edge of the lesion in the emitting ear, there

was an abrupt difference in height of the supporting cells.

.':-- ..

----- ."-
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difference in height was more gradual at the basilar edge of the
lesion and at the edges of the lesion in the non-emitting ear.
Histological evaluation of the second chinchilla revealed two
discrete areas of hair cell loss in the right ear, one of which
corresponded to the SOAE frequency in that ear.

The lesions were not

as wide as those reported for the first chinchilla, there was no
squamous epithelial tissue, and the differences in height of
supporting cells were not abrupt at any pOint.

No difference could

be detected between the lesion associated with the SOAE and the other
lesion.

Behavioral thresholds for tonal stimuli were available for

the second chinchilla.

Significant threshold shifts were present 61

to 108 days following exposure to noise at all frequencies tested
except 6700 Hz, a frequency near that of the SOAE.

Clark, Kim,

Zurek, and Bohne (1984) suggested that: (a) SOAEs may be associated
with regions of enhanced sensitivity, (b) SOAEs may be the result of
a disruption of the organ of Corti, (c) an area of functional
activity must be present adjacent to the disruption for an SOAE to
occur, and (d) disrupted areas of the organ of Corti are not ahl'ays
associated with SOAEs.
Relation of SOAEs to Audiogram Microstructure
A microstructure audiogram reflects variation in thresholds
with very small changes in signal frequency « 50 Hz).

A pattern of

irregular maxima and minima of thresholds exists when thresholds are
obtained at small frequency intervals, and this pattern appears to be
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very reliable over time (van den Brink, 1970; Cohen, 1982; Elliott,
1958; Hartmann & Klein, 1982; Horst, Wit, & Ritsma, 1983; Long, 1984;
Schloth, 1983; Thomas, 1975).

Adjacent threshold maxima and minima

of a microstructure audiogram may differ by as much as 12 to 14 dB.
Microstructure variation has not been found in all ears (75 to 88% of
ears have been reported to have variation in thresholds), and only
specific frequency regions of an ear may exhibit microstructure
variation (Cohen, 1982; Horst et al., 1983; Kemp, 1979a; Long, 1984).
The microstructure pattern is altered by changes in pressure at the
tympanic membrane (Kemp, 1981; Wilson, 1980b) and by body position
which can introduce impedance changes at the oval window Ctlilson,
1980b).
Several investigators have reported that threshold minima
(areas of increased sensitivity) occur at regularly-spaced frequency
intervals (Kawell, 1982; Kawell, Neutzel, & Bilger, 1984; Kemp,
1979a, 1981; Ruggero et al., 1983; Schloth, 1983).

Other researchers

have not found such regularities in audiogram microstructure (Cohen,
1982; Horst, Wit, & Ritsma, 1983).

Kemp (1981) has suggested that

the threshold minima correspond to discrete areas of resonance in the
cochlea (Kemp, 1981).

These resonances are thought to be created by

standing-wave reflections of the travelling wave on the basilar
membrane.

He also demonstrated that frequency difference limens were

smaller and perceptions of loudness were enhanced at frequencies
coincident with threshold minima •

.. -;:-- ..
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Both evoked and spontaneous emissions have been shown to
occur near frequencies where there is a minimum in the audiogram
microstructure (Burns, Strickland, Jones, & Tubis, 1984; Horst et
a1., 1983; KaweU, 1982; Kawell et a1., 1984; Kemp, 1979a; Long,
1984; Ruggero et al., 1983; Schloth, 1983; Wilson, 1980b; Wilson &
Sutton, 1981; Zwicker & Schloth, 1984).

Not all threshold minima,

however, can be associated with a known emission, and not all
emissions are associated with a threshold minimum.

For example,

Burns, Strickland, Tubis and Jones (1984) reported that threshold
minima were not associated with cubic distortion product SOAEs.

Some

authors have suggested that the same mechanism that produces
microstructure variation is responsible for production of SOAEs
(Horst et al., 1983; Kemp, 1979a; Ruggero et al., 1983; Zwicker &
Schloth, 1984).

Others argue that separate mechanisms may b8

functioning (Long, 1984) because the frequency shifts

demonstra~e~

for SOAEs with ear canal pressure changes and elicitation of the
acoustic reflex are much smaller than frequency shifts seen in the
microstructure.

Horst et al. (1983) devised a method whereby

behavioral thresholds and the spectrwn of the SOAE could be measured
simultaneously.

A good correspondence was found between frequencies

and levels of SOAE peaks and threshold minima.
Hypotheses Developed to Explain SOAEs
Other than descriptive characteristics of SOAEs, little is
known about them.

..
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Although it is firmly believed by most

is
investigators that SOAEs originate in the cochlea, the means by ''1hieh
they are produced are not known.
SOAEs have been developed.

Two types of hypotheses ta

expl~in

One group of theorists asserts that SOAEs

are the result of some active energy source or frequency-specific
resonance in the normal cochlea (resonance hypothesis).

Another

group has suggested that SOAEs arise from an area of disruption or
abnormality in the cochlea not detectable by conventional audiometric
methods (damage hypothesis).
The damage hypothesis is supported by three lines of
reasoning.

First, reports of objective tonal tinnitus have been

associated with ears that exhibit high frequency sensorineural
hearing loss (Wilson & Sutton, 1983).

Some investigators believe

that cases of objective tinnitus represent high level SOAEs that are
adjacent to

~udiogram abnorm~lities.

In a few studies, SOAEs have

been detected near a transition from normal hearing to hearing loss
(Clark et al., 1984; Ruggero et al., 1983, 1984).
Second, histopathological analysis of the ears of chinchillas
exposed to noise has revealed structural abnormalities of the organ
of Corti at regions on the basilar membrane that correspond to SOAEs
(Clark et 91., 1983, 1984).
damage hypothesis.

This is strong evidence in favor of the

The SOAEs from the chinchilla ears, however, were

detected only after prolonged exposure to excessive noise, a
condition not necessary for detection of SOAEs in humans.
Third, Kemp (1981, 1982) has demonstrated (in one human
subject) that acoustic overstimuluation elicited a temporary SOAE •
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Also, an existing SOAB was briefly enhanced.

This has been compared

to the temporary threshold shift (TTS) phenomenon and may indicate
that permanent SOABs result from damage to the cochlea.
Other researchers have hypothesized that SOABs are a normal
occurrence in healthy ears resulting from active resonances set up on
the bHsilar membrane at discrete frequencies.

Several sources of the

energy necessary to maintain the excitation of a resonator have been
suggested.

Brownian motion or ongoing non-specific physiological

noise may preville thO:'! 8x:ci ta tion for standing wave resonances (Kemp,
1981 ).

According to Kemp, a hydrodynamic travelling wave set in

motion by the internal noise travels basally toward the stapes and
then is reflected back toward its place of origin because of an
impedance mismatch at the oval window.
maintained in this way.

A continuous oscillation is

Some of the acoustic energy does reach the

middle ear and is transmitted to the external ear canal as an SOAE.
This retrograde wave is thought to occur only for very low level
signals so that traditional models of cochlear function are not
challenged.

i'li t and Hi tsma (1983a, 1983b) have demonstrated tha t

energy as lo'.'/' as 1 el8ctren volt (eV) can influence the amplitude
an SOAE.

They suggested that the SOAE may be triggered by the

activity of a single molecule in the inner ear.

Bialek and Wit

(1984) demonstrated that thermal or quantum noise is sufficient to
affect an SOAE.
Wilson (1980c) has suggesteJ that synchronous swelling and
shrinking of hair cells in the cochlea is the source of the

": .- ~ ..... " '-'....... .--
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mechanical energy necessary to produce SOAEs.

These volume changes

of the hair cells may become large enough to displace the basilar
membrane.

Vlhen the energy produced is sufficient, oscillation of the

basilar membrane may produce a reverse travelling wave (toward the
stapes).

No explanation is proposed for the cause of the initial

hair cell volume changes.
Actin and myosin proteins recently have been detected in hair
cell stereocilia (Macartney, Comis, & Pickles, 1980).

It is thought

that these proteins might lead to a change in stiffness or a
shortening of the stereocilia.

It is not known yet whether

actin-myosin interactions exist in the cochlea, but if they do,
actin-myosin motility could conceivably be the source of energy for
SOAEs.
Electrical stimulation of the efferent system, specifically
the crossed olivocochlear bundle (COCB), affects the magnitudes of
distortion product emissions in animals
Kim, 1982a).

(~lountain,

1980; Siegel &

It has been suggested that cochlear efferents, which

primarily innervate outer hair cells, may be responsible for altering
other types of emissions including SOAEs and may even provide the
necessary energy source (Mountain, 1980).

Attempts to suppress SOAEs

by contralateral external stimuli have not supported this suggestion
(Grose, 1983; Rabinowitz & Widin, 1984; Schloth & Zwicker, 1983).
Attempts have been made to find a compromise between the
resonance hypothesis and the damage hypothesis.

Some investigators

have theorized an active resonance or energy source in the cochlea

.':--"." --- .. '-':'
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but attribute SOAE production to a breakdown in the system (Clark et
al., 1984; Davis, 1983; Ruggero et al., 1983, 1984; Zurek & Clark,

1981).

This breakdown does not necessarily result in a reduction in

sensitivity but reflects a transition between normal and pathological
regions of the basilar membrane.

The area of pathology may not be

extenstV8 enough to produce abnormal r8sults on standard audiometric
For example, Ruggero et a1. (1983) pro posed tha t each region

tes ts.

of the basilar membrane may receive positive feedback from the hair
c811s and that this feedback is a source of energy.
negative feedback may exist.

In addition, a

The negative feedback would allow

e~ch

region of the basilar membrane to exert a damping force on adjacent
regions.

l{hen there is an area of damage, the affected regions of

the basilar membrane are released from damping and may oscillate
spontaneously.
The theory of positive feedback as a source of excitation in
the cochlea

WRS

conceptualized by Gold (1948) and recently has been

e:q)ilnded by Davis (1983) who refers to it as the cochlear amplifier.
According to Davis' model of cochlear function, the cochlear
amplifier, under imperfect control, may be responsible for production
of SOAEs.

In addition, Neely and Kim (1983) have proposed a

computerized cochlear model that incorporates an active positive
feedback and negative damping.

Their model produces basilar membrane

behavior similar to that which is known to exist.

They have not,

however, exrunined what might happen in their model during release
from damping by eliminating one of their damping elements.

.':---
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cochlear models have been designed that have an active mechanism
(deBoer, 1980; Zwicker, 1979) or that incorporate a bidirectional
transduction mechanism between mechanical and electrochemical
processes (Kim, 1984; Weiss, 1982).
If SOAEs are the result of some active energy source in the
cochlea, regardless of whether or not the energy i8 pro1fided by
internal noise, ::lctin and myosin interaction, swelling of hair cells,
efferent stimulation, or some other source, it would appear that at
least a partially normal cochlea is necessary for generation of
SOAEs.

The possible energy sources discussed above are all present

in the normal cochlea.

In addition, SOAEs are detected in 30 to 50%

of human ears Id th normal hearing, they have been detected in
children, and they cannot be detected in ears with hearing loss
greater than 30 dB (with the exception of objective tinnitus
emissions).

SOAEs also are associated with threshold minima

(increased sensitivity) in microstructure audiograms.
An ear with a resonance at a specific frequency might be
expected to exhibit enhanced excitability near that frequency,
resulting ln an improvement in threshold and enhanced ability to
analyze frequency.

Frequency analysis is assessed in terms of the

frequency selectivity exhibited during masking.

A threshold minirrmffi

and good frequency selectivity under masking conditions would suggest
that such a resonance exists.

Conversely, impaired ears have been

shown to have depressed thresholds and limited ability to analyze
frequency.

If a threshold maximum and poor frequency selectivity

~re
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encountered, it

mi~ht

be concluded that a subtle

impai~nent e~i8ts

in

the frequency region of interest.
Psychophysical Tuning Curves
The f-requency selectivity of the auditory system, o-r the
ea-r's ability to separate out the components of a complex signal, is
assessed by observing the influence of one auditory stimulus on
another (Small, 1959).

Obtaining tuning cu-rves is one means of

dete-rmining the f-requency selectivity of the ea-r.

Tuning curves

obtained from single fibers of the auditory nerves of animals
-rep-resent changes in the activity of single neurons in response to
tone bursts of varying frequencies and SPLs (Evans, 1974, 1975;
Kiang, Sachs, & Peake, 1967; Kiang, Watanabe, Thomas, & Cla-rk, 1962).
The lowest signal SPL that produces a change in the spontaneous
activity of the neuron is observed fo-r a number of signal
f-requencies.

The results, when plotted as SPL ve-rsus frequency of

the stimulus, p-roduce a V-shaped tuning curve.

The tip of the curve

corresponds to the characteristic f-requency of the fibe-r under study.
In gene-ral, fibers with high characteristic freque6cies produce
sharpe-r tuning curves than those with low characteristic frequencies.
Psychophysical tuning curves (PTCs) -represent a non-invasive
behavio-ral means of obtaining information about frequency
selectivity.

A probe tone is held fixed at a low level (10 to 20 dB

sensation level) while the level of a masker is varied for a number
of frequencies on either side of the probe tone.

t,,:
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masker necessary to jllst mask the probe is determined fot' the
frequency region proximal

~o

the pt'obe.

The resulting data at'e

plotted in the same manner as for single fiber tuning curves.

It is

thought that the low level of the probe tone activates only a few
auditory neurons, providing a situation similar to that for single
fiber tuning curves (Zwicker, 1974).

The major advantage of the PrC

as a measure of frequency selectivity over other measures, such as
critical bandw critical ratio, is that a PrC describes the shape of
the auditory filter in a manner analagous to a physiological tuning
curve while using a non-invasive technique.
Like their neural counterparts, PTCs are V-shaped, and those
centered at high frequencies tend to be sharper than those centered
at lower frequencies.

A tail (an area 40 to 60 dB above the tip with

a shallow slope) is often present on the low frequency side of the
PTC, especially for PTCs centered at high frequencies.

The tail is

thought to reflect the fact that a travelling wave for a low
frequency masker must pass the base of the cochlea, contributing to
the masking of a higher frequency probe tone.

High frequency PrCs

also are asymmetrical, having steeper slopes on the high frequency
side of the curve than on the low frequency side.

This asymmetry is

assumed to reflect the asymmetry of the pattern of displacement of
the basilar membrane.
Several measures can be taken from a PrC to describe its
characteristics.
Ql0 value.
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One of the commonly used measures of tuning is the

It is calculated by dividing the characteristic or centet'

."'.
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frequency by the bandlddth of the tuning curve measured at 10 dB
above the tip (Evans, 1975; Stelmachowicz & Jesteadt, 1984).

High

Q10 values repc9Hent sharp tuning, whereas low Q10 values represent
poor tuning.

Another method for assessing the sharpness of t:trling is

to measure the slopes of the two legs of the tuning curve.

Slope is

calculated by determining the dB change on the ordinate per one
octave change on the abscissa.

This value may be extrapolated for

rapidly rising or falling slopes.
Summary
The discovery of SOAEs led many investigators to believe that
there is

~n

active nonlinear phenomenon within the cochlea.

In

humans, :::lOA.Es are present in 30 to 50% of ears with normal he.<lring.
They occur at discrete frequencies specific to each ear, and they Eire
thought to represent areas of resonance in the cochlea.

They are

shifted or suppcesHed by the presence of external stimuli, ruld they
are not detected in ears with hearing loss greater than about 30 1B
HL. There is disagreernent among investigators regarding whether or
not the resonance is associated with normal cochlear activity or is
the result of subtle damage or disruption.

Evidence exists in favor

of both hypotheses.
Subjects with SOAEs often exhibit threshold minima at the
frequency of the SOAE I.,.hen micros tructure audiograrns are obtained.
~ot

all SOAEs, however, have been associated with a threshold

minimum, and threshold minima frequently edst that cannot be

"': ..... ,.,., .. *"
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associated with SOAEs.

It is not known how the presence of SOAEs

alters other psychoacoustic measurements such as frequency
selectivity.
Research Questions
The purpose of the present study was to describe
characteristics of microstructure thresholds and frequency
selectivi ty in ears with and Iii thout SOAEs to determine if
differences exist.
1.

Specific questions to be addressed were:

Are SOAEs associated with audiogram microstructure minima or
maxima?

2.

Are PrCs obtained from frequency regions with 30AEs
different from PTCs obtained from frequency regions with no
emissions?

3.

Do systematic relationships exist between microstructure
fluctuations, characteristics of PTCs, and SOAE
characteristics?

.: :--... ...... - - __ . t-

CHAPl'ER 2
r1ETHOD
Subjects
Nine female subjects were selected to participate in the
study on the basis of the following criteria: (a) age between 20 and
40 years, (b) normal hearing in both ears as determined by thresholtis

< 15 dB HL (re: ANSI S3.6-1969) at standard octave audiometric test
frequencies from 250 Hz through 8000 Hz, (c) no more than three
detectable SOAEs in each ear to ensure that adequate regions with no
emissions could be found to obtain PTCs, (d) at least one emission
greater than 10 microvolts in amplitude to serve as the target
emission, and (e) no emission within 500 Hz of the target emission
fr'?'!llency in the other ear.

The subjects were selected from a group

of 99 subjects evaluated in a previous study of the prevalence of
SOAEs, and subject numbers were retained from that study.
During evaluation, one subject's target emission could no
longer be Jetected and this subject was dropped from the data pool.
Of the remaining eight subjects, four subjects exhibited a single
unilateral SOAE, and four subjects exhibited bilateral SOAEs.
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Procedure
Subjects were paid $4.00 per hour for their participation.
Folloliing otoscopic observation, a pure-tone audiogram was determined
for each subject to verify that thresholds were

~

15 dB HL for the

octave test frequencies from 250 Hz through 8000 Hz.

The existence

of 30AEs was determined for the frequency region between 500 Hz and
5000 Hz in both ears to ensure that each subject met the selection
criteria outlined above.
SOAEs were detected by a Knowles EA-1842 miniature microphone
coupled to the ear via a probe assembly consisting of a
Grason-Stadler earpiece and eartip (see Figure i).

The microphone

was attached to the probe assembly by a 4 cm length of teflon tubing
\;,i th inner diameter of i. 35 mm.

The output of the microphone

lvaS

led

to a custom-built Im;'-noise amplifier and high-pass fil ter system
that reduced the contribution of noise below 400 Hz by 30 dB/octave.
The output of the amplifier-filter system was led to a Bruel and
Kjaer 2033 real time spectral analyzer.

The output also was

monitored by an oscilloscope and an amplifier-loudspeaker.

A

miniature earphone was attached to the probe assembly for the purpose
of providing the stimuli necessary to determine the microphone
frequency response using a small comparison coupler.

A 1000 Hz pure

tone at 20 dB SPL was introduced into the system via the miniature
earphone prior to each evaluation session to determine that the
system was operating properly.

A complete description of these

procedures may be found in the Appendix.
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SOAEs were identified as relative maxima in the average
spectra computed by the spectral analyzer after it had obtained 32
samples of noise from the ear canal.

The frequency spectrum was

examined by adjusting the spectral analyzer to sample frequency
windows of 500 Hz from a starting point at 500 Hz and extending up to
5000 Hz.
line.

The resolution of the analyzer in this mode is 1.25 Hz per

A maximum in the spectrum was required to exceed the noise

floor by 5 microvolts in order to be considered an emission.
After it was confirmed that a subject met the criteria for
selection, a microstructure audiogram was obtained in the region of
the SOAE selected as the target emission.

A fixed-frequency Bekesy

tracking method using a Grason-Stadler E800 Bekesy audiometer was
employed.

Stimuli were fixed-frequency 200-msec pulsed tones

(25-msec rise/decay times) that spanned a range of 180 Hz on either
side of the SOAE frequency.

The tone frequencies were selected at

intervals of 30 Hz, and a total of 13 tones, including one located at
the SOAE frequency were used to obtain each microstructure audiogram.
':'he stimuli I{ere delivered via a TDH 39 earphone mounted in an
MX-41/AR cushion and calibrated as described in the Appendix.
Tone frequencies were verified with a frequency counter and
the subject tracked at each test frequency for one minute.

The

attenuation rate of the Bekesy audiometer was set to 2.5 dB
SPL/second.

Subjects were given control of the direction of the

change of the SPL of the signal and were instructed to press the
button while they heard the signal and to release it as soon as they

• - - - - .. ,'1.':'
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no longer heard it.

Subjects tracked at threshold during a brief

practice period to ensure that they understood the instructions, and
then microstructure audiograms were obtained from each ear.

The same

frequency range ·was evaluated in the ear with the target emission and
the other ear.

The microstructure audiogram for one subject

(Subject 17) was repeated 6 weeks la tel' to assess temporal
reliabili ty.
Each data point was established by visually estimating the dB
SP1 (re: 20

~Pa)

value at the minimum of each excursion on the Bekesy

tracing and then averaging the dB values for all of the minima at
each frequency beginning with the second minimum.

Harbert and Youn 5

(1966) reported that the SP1s of the minima of interrupteJ or
can tinuous tones correIa ted better to standard audiome tric thresho l,ls
in normal ears than 3P1s measured from the maxima or midpoints of the
excursions.
Psychophysical tuning curves (PTes) were obtained using the
same Bekesy aUdiometer, modified so that probe tone and masker were
presented to the same earphone.

The probe tone was a 500-msec pulsed

tone (25 msec rise/decay times) presented at 10 dB 31 (re: threshold
for the pulsed tone).

According to Moore (1978), a probe level of 10

dB S1 during simultaneous masking provides a compromise by reducing
nonlinear effects seen at higher probe levels and by avoiding effects
of variations of absolute sensitivity seen at lower levels.

A

Heathkit function generator supplied the probe tone that was routed
through s Grason-Stadler 829D electronic switch and a Hewlett Packard
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350D attenuator before reaching the external input of the Bekesy
audiometer (See Figure 2).

The masker was a continuous tone

generated by the Bekesy audiometer and attenuated at a rate of 2.5 dB
3PL/sec.

Frequencies of both the probe tone and the masker were

verified by a frequency counter.

Subjects were instructed to release

the button while they heard the pulsing signal and to press it as
soon as the signal no longer was heard.

Each subject tracked for one

minute at each of 70 to 72 masker frequencies adjacent to and
including the frequency of the probe.
Following a brief practice session, three PTCs were obtained
for each subject at the following center frequencies: (a) the
frequency of the SOAE in the emission ear, (b) the frequency of the
SOAE in the non-emission ear, and (c) a frequency at least 7000 Hz
above the SOAE in the emission ear.
ensure replicability.

Each PTC was repeated once to

Data points were obtained in the same manner

as for the microstructure audio grams by visually estimating the dB
SFL value at the minimum of each excursion and then obtaining the
mean 3PL for all of the minima at each frequency beginning with the
second minimum.
The data collection procedures were accomplished in three 7to 2-hour sessions.

During the first session, a pure tone audiogram

was obtained using a Grason-Stadler clinical audiometer (Model 7701)
calibrated to ANSI (S3.6-7969) standards.

Then, each subject was

seated in a double-walled sound-treated booth, otoscopic observation
was completed, and the existence of SOAEs

... - - .. t.:.

~hich

met the criteria

~,

,t

.,

r-

'I,

,
~

FUNCTION
GENERATOR

ELECTRON I C~ATTENUATOR
SWITCH

J

J

--=--

1
ATTENUATOR

BEKESY AUDIOMETER

OSCILLATOR

~

~

~ TRANSfORMER I....- - ,

ATTENUATOR

~ TRANSfORMER

---+

~"I"'I"r---

1 - 1_

....

I..I"'I"~

SUBJECT

KEY

L...-

'vl
'vl

Figure 2.

Schplflatic Illustration of the Instrumentation for Obtaining p'res.

34

outlined above was established.

Subjects were given instructions

regarding the Bekesy tracking method and were asked to practice
tracking thresholds at various frequencies for several minutes.
Following this practice period, microstructure audiometric thresholds
were obtained in the region of the emission selected as the target
emission in the non-emission ear.

The frequency of the target SOAE

was re-evaluated to determine if it had shifted, and the
microstructure audiogram for the emission ear was obtained.

The

entire session lasted no longer than 2 hours.
The second session was conducted no more than 2 weeks later.
During this session, otoscopic observation was completed and the
presence of SOAEs again was determined.

The procedure for obtaining

PTCs was explained to the subject and a practice period was completed
to ensure that the subject understood the procedure.

Following the

practice period, PTCs were obtained from the subject for each of the
three frequencies selected as PTC center frequencies.

Because

freqllent shifts ill frequency were noted, the frequency of the target
emission was established between the tracking period for each PTC,
and the frequency of the probe tone was shifted if the target
emission had shifted in frequency.
Ininutes.

This session lasted about go

The third session was completed no later than 2 weeks

following the second session and was a replication of the second
session •

..•.

:---~

... --
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~

Cf-IAP'I.'SR 3
RESULTS
Four subjects with a single unilateral SOAE and four subjects
with bilateral SOAEs were evaluated.
from 22 to 38 years.
in Table 1.
~ere

The ages of the subjects ranged

Subject emission characteristics are summarized

Five target emissions were from right ears and three

from left ears.

All but one of the subjects with bilateral

SOAEs (Subject 99) had more than one SOAE in the ear selected as the
target emission ear.
The frequency ranges for each SOAE in Table 1 are the minimum
and maximum fre'1llencies recor-ded during any of the three evaluation
sessions.
20 Hz.

The largest frequency shift noted over three sessions was

The mean frequency shift for all of the target emissions was

10.66 Hz (SD

=

5.43).

The mean frequency shift for subjects with

unilateral emissions was 14.7 Hz (range

=

7.5-20.0), and the mean

shift for subjects with bilateral emissions was 6.6 Hz (range

=

3.75-9.5).
SOAE amplitudes were measured as relative microvolts (uV) and
converted to dB 8PL using the data obtained during calibration.
be considered an 80AE, the amplitude of the spectral peak was
required to be at least 5 pV above the noise floor of the system
after averaging 32 samples of noise from the ear canal.
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Table 1.

Subject Emission Characteristics.

Ranges of frequencies and levels of all SOAEs detected for each
subject are listed. The target emission is denoted by *.
Subject

Left ear
SOAEs

Right ear
SOAEs

08

None

1505.0-1525.0 Hz*
(2.2-4.7 dB)

16

None

1390.0-1407.5 Hz*
(0.7-5.1 dB)

17

None

1305.0-1312.5 Hz*
(-2.6-3.3 dB)

53

None

1415.0-1428.75 Hz*
(1.3-16.0 dB)

59

966.25-972.5 Hz*
(-10.0-(-6.0) dB)

1575.0-1585.0 Hz
(-2.3-0.5 dB)

1741.25-1742.5 Hz
(8.12-12.4 dB)

1738.75 Hz
(0.3 dB)

2065.0-2067.5 Hz
(2.5-4.0 dB)

1438.75-1442.5 Hz
(6.9-9.4 dB)

3348.0-3355.0 Hz*
(1 . 4-1 3. 6 dB)

1653.75-1656.25 Hz
( 1 6. 8-1 8. 1 dB)

5397.5-5417.5 Hz

2080.0-2087.5 Hz
( 4-. 0-7 • 1 dB)

65

(not available

86

877.5-883.75 Hz
(-10.4-0.9 dB)

1417.5-1427.0 Hz*
(3.2-7.5 dB)
2022.5-2032.5 Hz
(1 • 9-8. 0 dB)

1763.75-1767.5 Hz*
(0.1-5.6 dB)

99

.':-- ..

---- .......

2670.0-2675.0 Hz
(4.0-4.4 dB)
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considered a target emission, the SOAE was

~equired

to be at least 10

pV in amplitude on at least one occasion.

Emission amplitudes

variable and occasionally they fell below the 10 »V value.
1, SOAE amplitudes have been converted to dB 3PL (re: 20

~ere

In Table

~Pa)

and the

range of values observed over the three evaluation sessions is given.
The maximum amplitude observed for a target emission was 16 dB SPL
and was obtained from subject 53.

The largest shift in amplitude

noted for a target emission was 14.7 dB with a mean amplitude shift
of 6.69 dB (SD = 4.07).

No significant differences were noted in

target emission amplitudes between subjects with unilateral and
bilateral SOAEs.
Microstructure Audiograms
Microstructure audiograms for each ear of each subject are
illustrated in Figures 3 through 6.

The upward pointing arrow

indicates the frequency of the target SOAE, and the frequency range
of the microstructure audiogram was selected to center on the target
SOAE in each case.

In general, the microstructure audiograms were

made up of a series of irregular maxima and minima for both
all subjects.

~Hrs

of

For some of the audiograms, clearly-defined peaks were

present (e.g., Subject 00, LE) and for others, a relatively smooth
pattern of threshold change was noted (e.g., Subject 16, LE).
A IItinimum (a region of increased sensi ti vi ty) in the
microstructure audiogram was present consistently at the target
emission frequency in the emission ear.

A Wilcoxon signed-rank test

for paired samples was completed by calculating the

,,~
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between the threshold at the target emission frequency and the
point one interval lower in frequency (30 Hz) for both ears.

li~ta

A

second Wilcoxon signed-rank test was completed by calculating the
difference between the threshold at the target emission frequency and
the data point one interval higher in frequency.

The threshold at

the target emission was significantly lower than either of the two
data points adjacent to it in the emission ear (~

< .05) when

compared with the data obtained at the same frequencies in the
non-emission ear.

Wilcoxon signed-rank confidence intervals were

calculated for the microstructure audiogram obtained for the emission
ear (see Table 2).

The threshold at the target emission frequency

was outside the 94% confidence interval for seven of the eight
subjects.
Hultiple maxima and minima were

~pparent

on the

microstructure audiograms including threshold minima not associated
with the target emission.

Both maxima and minima on the

microstructure audiogram not associated with an SOAE were outside of
the 94% confidence interval for all subjects.

The maximum threshold

differences between adjacent test frequencies ranged from 7 to 14 dB
for each subject.

The maximum threshold

diff~rences

measured for

individual subjects did not relate to their emissions in a simple
fashion.

For the four subjects with bilateral SOAEs, the greatest

threshold change occurred in the emission ear adjacent to the target
o:lmission.

The greatest threshold change occurreu in

~he

n.on-emission

ear for three of the subjects with unilateral SOAEs and in a

----~

...... :
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Table 2.

Confidence Intervals of Microstructure Audiograms.

Wilcoxon signed rank confidence 1ntervals for all points of the
microstructure audiograms from the target emission ears. * indiGA.tes
threshold ~alu9s outside of the confidence interval for r=.94.
Subject

,,:

.... , ..... ..-...

,.,-

')"

Target emission
frequency (Hz)

Threshold
(dB SPL)

Confidence
interval (dB)

08

1525

4*

5.0 - 8.5

16

1400

5*

7.5 - 12.0

17

1310

8*

10.0 - 12.5

53

1430

59

970

-14*

-6. 0 - (-1. 0)

65

3355

-12*

-4. 0 - (-1. 0)

86

1420

-1

99

1765

-9*

..,:-- ...

--- ...

\...:.

1 .0 - 4.0

*

-0.5 - 6.5
-4. 0 - (-0. 5 )
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frequency region remote from the target emission in the fourth
subject.
A Spearman rank correlation coefficient was calculated to
determine if the amplitude of the target emission just prior to
obtaining the microstructure audiogram was related to the maximum
threshold shift at the frequency of the target emission (R

=

-.50).

A 8tatistically significant association did not exist between the two
values.
Microstructure audiograms for Subject 17 were replicated six
weeks after obtaining the first set of audiograms.
audiograms are illustrated in Figure 4.

Both sets of

In the emission ear, except

for a constant threshold shift, the microstructure audiograms appear
very similar.

In the non-emission ear, similarities exist between

the audiograms obtained on both occasions, but they are not as
clearly similar as those for the emission ear.

A third

microstructure audiogram obtained from the emission ear of this
subject one year earlier as part of a separate study exhibited the
same pattern of maxima and minima as is illustrated in Figure 4.

A

microstructure audiogram also was obtained for the emission ear of
subject 86 during a separate study completed one year earlier.

The

two audio grams also exhibit similar patterns of maxima and minima
(see Figure 6).
Psychophysical Tuning Curves
Two sets of psychophysical tuning curves '..rere obtained from
each subject (see Figures 7 through 14).

.• :--.- .... _ -__ 1.:

The center frequencies for

SUBJECT DB

NfM
70 r

'!

70r

60~

50~

~ 40~
(I)

"0

fM2

Et11

~
~

T~

60r

II

50~

IJ

401-

30

30

20

20

10

10

70
60

•
~

50

\I iT

40

t

30
20

10

2

3

4

5 6

fREQUENCV (KHz)
Figure 7.

pres from Subject 00.
L~illed

square:] represent prGs obtained during the first :-;ension; open
trinngles r~present those obtained during the second aeosion. HEMnon-elfli::lsion ear; EH1 - target emission frequency; gr4~~ - higher fre'luency in
the emission ear.

......

Vl

"

·1

SUBJECT 16

70r

70r

6T
50

Er12

EMI

NEM

70

(/ 6T ~\

~

60

SO

i

sol

i

;

-J

a..

(f)

40

40t-

~T

40,

30

301-

II

30

ID

u

20

2T

20

10

10

10

.6.7.8.91

1.5

2

3

1.5

2

3

2

3

4

fREQUENCY (KHz)
Figur~

8.

pres frOia Subject 16.
I<'illp.d squarf'::3 represent Pl'es obtained during thf! first session; op~n
triangl~s represent those obtained during thf! second se::l:3ion.
N}<;f.lnon7""erniasion ear; gr'll - target p.mission frequency; Im~ - higher frhluency in
tltf! t~mi:3si()n ear.

.."'cr,"

,I
"

SUBJECT 17
NEM
70 r

'j,

60
50
--I

a..

((') 401-

.

~

(D
"0

\\

Er11
70r

EM2
70

::r~
II

40l-

30

30

20

20

10

10

\

"

t

40

,

30
20
10

fREQUENCY

p'res

50

If

2

Figure 9.

60

3

(KHz)

from Subject 17.

l<'illp.d squares represent Pl'Cs obtained during the first session; open
triHngle::> represent those obtai.ned during the second session. N~r1non-e;ni.ssion ear; Er11 - target emission frequency; Er12 - higher frequency in
the emission ear.

4"-

-.J

.,

SUBJECT 53

,
I

;j

E/,"12

EMl

NEr1

,

70

70

70

60

60

60

50

50

50

40

40

40

30

30

30

20

20

20

10

10

10

j
!

,
I

r

....J

Cl..
(f)

CD
"'0

IIII

I

1.5

1-----1

2

3

fREQUENCY (KHz)
Figur~

10.

prcs from 3ubject 5:5.
Jt'ill~d

squares repre~ent PlIes obtain~d during the first He:3sion; open
represent those obtained during the second sessi()O. Nl~f.1non-emission eur; EM1 - target emission frequency; EH2 - higher frequency in
thl'! ellli:~sion ~ur.
triangl~s

+-

c.c

SUB.JEer 59

70r

EM1
70r

60

60

NEr',
'J

..I

£M2
70

•

I

r

50
-J

a..

U')

~

40J-

In

50

'b

II

401-

60

,

50

\\

40

B

"'0

30

30

30

20

20

20

10

10

10

1.5

4

5 6

FREQUENCY (KHz)
Figure 11.

PI'Cs from 3ubject 59.
1.'illed squares represent Pl'Cs obtained during the first ;jF!ssion; open
triangles represent those obtained during the second session. rmr1non-emission ear; EHl - target emission frequency; Br.12 - higher frequency in
the emission ear.

.p.
\.0

7

."
!

J
,

"

SUBJECT 65
NEM

EM1

70 r

70 r

60r

r

50
-l

a..

(f)
(D

40~

EMZ

~

6l
50

40..-

"0

30

30

20

20

10

10

70
60

~

50

""

I

¥

40
30
20
10

4

fREQUENCY (KHz)
Figure 12.

PTCs frOIn Subject 65.
~'iUed

SC}Ull res represen t Pi'Cs obtaiUf~d during th~ fi rs t ::;ession; open
triangles repre3ent those obtained during the second session. rnmnon-emission ear; Ef.11 - target emission frequency; EJ.I2 - higher frequency in
the !~miasion ear.

\.F,

e.

SUBJECT 86
70r

'j,

EM2

EM 1

NEM

•

70r

70

bO[

60

,

I

I
'r~

bT
50

~

/

50

~

50

.-J

a..
rJ)

40~

(Xl

• \l. /I

4 ft

40~

"'0

30
20
10

V

~

30
20
10

40
30
20
10

.5 .6.7 .B.9 I

1.5

FREQUENCY (KHz)
l!'igure 13.

prcs from Subject 86.
io'illp.d squares repre:.H'ln t Pl'Cs obtained during the fi rs t session; open
trianglp.s repreBent those obtained during the second session. N8Hnon-emission eur; 8H1 - target emission frequency; EM2 - higher frequency in
the emission flare

v,

"

I

j

"'
SUBJECT 99

NEM
70r

EMl
70r

60

60[

EM2

,

70

"'

50
-..J
Q..

(f)

m

40~

~

50

I•

\.\

40~

60

/

~

50

"'-

40

\\

""0

30

30

30

20

20

20

10

10

10

1.5

2

3

4

5

4
fREQUENCY (KHz)

Figure 14.

PTCs from Subject 99.
}I'illed squarf-!~ repre~ent Pl'Cs obtained during the first ::;ession; open
triangles repre8ent those obtained during the second session. Ngr1non-emis~inn ear; EM1 - target emission frequency; EM2 - higher frequency in
tht-! elllla~.inn ea r.

V,
I'-;

53
the PTCs were: (a) the target emission frequency in the emission ear,
(b) the tartSet emission frequency in the non-emission ear, and (c) a
frequency at least 1000 Hz higher than the target emission frequency
in the emission ear.
describ~d

The PrCs are qualitatively similar to those

by other investigators.

Tails are present on the low

frequency sides of many of the PrCs, and the slopes of the high
frequency sides of the majority of the PTCs appear steeper than those
of the low frequency sides.

The tip of each PrC is at or near the

frequency of the probe tone, as expected.

t10st of the PTCs exhibit

the typical V-shape, however, several are W-shaped or multi-lobed in
appearance (e.g., Figures 8 and 14).
For each PrC, Ql0 values were calculated by dividing the
prob~

tone frequency by the width of the PTC 10 dB above the tip.

All Ql0 values are listed in Table 3.

For W-shaped PTCs, such as can

be seen in Figure 8, the Ql0 value was calculated across all lobes.
Twelve of the 16 PTCs (75%) obtained at the target emission frequency
in the emission ear had higher Ql0 values than either of the other
two PrCs obtained from the same subject, and 14 (37.5%) had Ql0
values higher than those for the PTCs obtained at the same frequency
in the non-emission ear.
frequency

WRS

The mean Ql0 value for each PTC center

calculated for each subject and the Friedman test for

multiple comparisons was performed on the mean data to determine if
any of the Ql0 values were significantly different from the others.

Ql0 values for PrCs centered on the target emission frequency in the
emission ear were significantly higher

",.

, ...;., .........

.....,..

.. -.-

---,

-\..

(~

< .05) than either of the
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Table 3.

Q10 Values for Psychophysical Tuning Curves.

center frequency at
non-emission ear.
center frequency at
E:·l1
emission ear.
Er12 - center frequency at
the target emission

N~r.r

the target emission fl"c,quency in the
the ta rg8 t eUli:3sion frequency in the
a fr~quency at least 1000 Hz higher than
frequency in the emission ear.

Subject

NEr1

Em

rJl·12

08

6.6
6.7

11.7
11. 8

7.6
7.6

16

14. 1
11.7

17.6
18.7

4.7
6.1

17

3.5
7.8

6.6
5.0

10.7
13. a

53

8.3
9.2

17.7
12.9

4.4
4.4

59

6.9
7.2

13.8
9.7

7.6
6.1

65

5.5
4.3

7.6
7. 1

8.5
6.9

86

7.5
8.9

14.3
16.8

3.8
3.6

99

3.9
3.8

18.6
2.0

5.5
4.3

': ',:---- . .----:-.;. \.:
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other two Ql0 values.

No other differences were

signific9n~.

.

r.

Kolmogorov-Smirnov two-sample test of the similarity of the
distributions of the Ql0 values from the bilateral and unilateral
groups was not significant for any of the three PTC conditians
suggesting that the statistical distributions of the two groups are
not different.
The slopes of the high frequency sides of the PTCs also were
calculated.

All of the high frequency slopes are listed in Table 4.

For all points above the tip, the log-linear method of least squares
was used to

dete~nine

the slope of the line that best fit the data

points on the high frequency side of each PTC.

This slope was then

converted to dB/octave, and the mean of the two slopes for each PTe
center frequency was calculated.

Of the 16 sets of ?TCs, 50% of

those obtained at the target emission frequency in the emission ear
were steeper than those obtained for the same frequency in the
opposite ear.

The Friedman test was performed on the mean slopes for

each subject and, as expected, a significant difference was not found
between any of the three conditions.

Again, a difference did not

exist between the bilateral and unilateral groups as determined by
the Kolmogorov-Smirnov two-sample test for any of the PTC condi tions.
Slopes of the low frequency sides of the PTCs were calculated
using the least squares method described above for the high frequency
slopes.

The tip and two to four data points on the low frequency leg

were used for calculation.
listed in Table 5.

All of the low frequency slopes are

Of the 16 sets of ?TCs, the low frequency slopes
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TablR 4.
HEr·!

Er11
Er12

-

High Frequency Slopes for Psychophysical Tuning Curves.

center frequency at
non-emission ear.
center frequency at
emission ear.
center frequency at
the target emission

the target emission frequency in the
the target emission frequency in the
a fT'''lquency at least 1000 Hz higher than
frequency in the emission ear.

NEr1

EH1

~J112

dB/octave

dB/octave

dB/octave

08

125.5
169.7

154.7
121 .0

90.0
46.9

16

47.7
86.4

147.1
140.4

134.9
11 2. 1

17

87.9
125.6

61. 9
51. 5

228.0
238.0

53

78.1
123.1

98.1
104.6

96.2
96.5

59

146.0
166.9

140.5
143.5

89.1
103.1

65

194.7
159.6

143.1
141 .2

141 .5
129.9

86

134.9
175.9

175.7
189.5

109.0
139.0

99

78.3
79.0

125. 1
125.7

107.5
92.1

Subject

"' :----

--~._••

1..:
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Table 5.

NEH
E~11

8~·12

-

Low Frequency Slopes for Psychophysical Tuning Curves.

center frequency at
non-emission ear.
center frequency at
~1I1 j.~Jsion ear.
cAnter frequency at
the target emission

Subject

the target emission frequency in the
the target emission fr9quency in

~h~

a frequency at least 1000 Hz higher thl:ln
frequency in the emission ear.

NEr1

EM1

EJ12

dB/octave

dB/octave

dB/octave

08

-40.0
-62.5

-29.2
-30.3

-78.2
-70.0

16

-18.4
-28.2

-9.2
-18.2

-55.4
-35.7

-33.6
-27.3

-21 .5
-26.0

-65.7
-74.0

53

-27.4
-20.9

-14.4
-15.7

-39.9
-33.2

59

-31 .7
-34.5

-27.9
-27.6

-67.4
-73.7

65

-70.6
-92.6

-89.1
-76.1

-74.4
-56.9

86

-20.8
-18.6

-17.6
-18.4

-68.4
-71.6

99

-55.2
-34.3

-33.2
-27.9

-80.2
-61 .2
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of the PTCs centered at the emission frequency in the emssion ear
'Ilere higher than those of the PrCs from the non-emission ear in 50%
of the cases.

The Friedman test

\iaS

performed on the mean slopes for

each subject, and a significant difference was not found between any
of the three PTC conditions.

A difference did not exist between the

bilateral and unilateral groups as determined by the
Kolmogorov-Smirnov two-sample test.
Repeatability of the PrCs for all three conditions appears
good, with the exception of the PTCs for Subject 99.

For the other

seven subjects, the mean difference in level of the tips of the Pres
between sessions was 3.9 dB (range = 0-8.0).

In addition, the PTCs

retained their general shapes from session to session.

For Subject

99, however, the tip of the PTC centered at 3000 Hz was shifted
upward by 12.5 dB in the second session, and the Bhapes of the Pres
were very different when compared across sessions.

~fi

th the

exception of Subject 99's data, Q10 values were reliable from session
to session with a mean difference of 1.5 (range

0-4.8).

=

frequency slopes appeared reliable for the PrCs obtained at
target emission frequency in the emission ear (M
range

=

=

M = 18.8, range

9.6 dB/octave,

=

0.3-43.1).

=

20.9-45.0; high frequency

Low frequency slopes were somewhat

variable for all three PTC conditions (non-emission!:!.
3.6-28.2; emission 1

=

-28.6, range = 0.2-89.6) •

..

-.~

th.~

0.6-33.7) but were much more variable for the other two PrC

conditions (non-emission M = 37.5, range

=

High

---

.~~

-21.5, range

=

= -15.5,

range

0.8-50.5; high frequency

~
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The maximum frequency shift observed during a session was
12.5 Hz with a mean frequency shift of 4.2 Hz.
frequency shifts were to a lower frequency.

All but 3 of the 48

The mean frequency shift

observed for subjects with unilateral SOAEs was 6.2 Hz (range =
0-12.5), and the mean frequency shift for subjects with bilateral
SOAEs was 1.9 Hz (range = 0-4.0).

A Kolmogorov-Smirnov two-sample

test was performed on the frequency shifts for bilateral as compared
to unilateral SOAEs and was significant (.E.

<

.05).

This result

suggests that the statistical distribution of the frequency shift for
subjects with unilateral SOAEs was different from that for subjects
with bilateral SOAEs.

This difference was anticipated based on

visual inspection of the data.

',:--'- - - - - • . 1..:

CHAPl'ER 4
DISCUSSION
The object of this study was to describe interactions among
SOAEs, microstructure audiograms, and psychophysical tuning curves.
Four subjects with a single unilateral SOAE and four subjects with
bilateral SOAEs were evaluated to determine i f the presence of
multiple SOAEs might alter the interactions.
Microstructure Audiograms and SOAEs
Variations in auditory threshold with small frequency changes
have been known to exist for many years (van den Brink, 1970; Cohen,
1982; Elliott, 1955).

Recently, the threshold variations have been

associated with both evoked and spontaneous otoacoustic emissions
(Horst et al., 1983; Kemp, 1981; Long, 1984; Schloth, 1983; Wilson &
Sutton, 1981).

Threshold minima (areas of increased sensitivity)

have been reported to occur near SOAE freqeuncies (Burns, Strickland,
Jones, & Tubis, 1984; Horst et al., 1983), although some
investigators have not found such an association for all subjects
(Wilson & Sutton, 1981) or have found a weak correspondence between
the two measures (Kawell, 1982; Kawell et al., 1984).
One of the purposes of this study was to explore the
relationship between SOAEs and threshold maxima or minima.

60

It was
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found that target SOABs were associated consistently with threshold
minima.

However, threshold minima that were not associated with

known SOAEs were present for all subjects, as well.

Two explanations

may be made for the imbalance between the number of SOAEs and
threshold minima.

First, some unknown mechanism may exist within the

cochlea that is responsible for producing threshold minima and this
mechanism may occasionally but not consistently produce SOAEs.
Second, SOAEs may be present at levels thai; are below the noise floor
of the recording apparatus.

If they could be detected, they might be

associated with minima in the microstructure audiogram.

In any case,

the strong association between the two phenomena suggests that they
are influenced by the same mechanism.
Burns, Strickland, Jones, and Tubis (1984) have suggested
that some of the threshold minima may correspond to frequencies at
which evoked emissions occur or to distortion products manifested as
combination tones that are related to two or more SOAEs.

To explore

the possibility that SOAEs present below the noise floor of the
system might have been interacting with the target emission in the
present study to produce threshold minima, cubic distortion products
(2f1-f2) were calculated for the frequencies of threshold minima in
several of the audiograms.

Surprisingly, for several of the

audiograms, a third threshold minimum corresponded to the cubic
distortion product of two other threshold minima, including the
minimum at the target emission frequency.

For example, for Subject

16 (RE), a minimum existed at the target emission frequency of 1400

.':--- --- .

. \.'

Hz and a second minimum was present at 1550 Hz.

The cubic distortion

product of these is 1250 Hz, a frequency that also exhibited a
threshold minimum.

A similar si tua tion exists for Subject 59 (LE).

Although further investigation is needed, it appears that some
threshold minima are cubic distortion products of other minima, and
undetected SOAEs may be associated with unexplained threshold minima.
Other investigators have searched for regular occurrences of minima
or maxima (Kawell, 1982; Kemp, 1980; Ruggero et al., 1983; Schloth,

1983).

Perhaps a search for distortion product interactions may be

more productive.
It has been suggested that an exact correspondence should

~ot

exist between objective measurements of SOAEs and subjective
psychophysical measurements such as behavioral threshold (I'lilson,

1·983) becall:3e the two measures are made at different levels of the
auditory system.

In the present study, thresholds were obtained at

30-Hz intervals.

This interval may not be small enough to identify

the precise frequency of a threshold minimum.
that the

SOA~

Thus, it may appear

frequency and threshold minimum are aligned, when in

actuality they are slightly offset.

Kawall (1982), who used 1G-Hz

intervals, reported that threshold minima occurred at or just above
SOAE frequencies.

Frequency shifts of the SOAEs during evaluation

might explain the discrepancies between SOAE frequency and threshold
minima suggested by her data.
Replications of microstructure audiograms were dvailable f0r
two subjects and suggest that the pattern of maxima and minima is

..
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reliable over time (up to one year).

Such reliability has been

reported by other investigators (Elliot, 1955; Kawell, 1982; Kawell
et al., 1984; Kemp, 1979a; Long, 1984; Schloth, 1983).

SOAEs also

are known to remain stable for long periods of time, although small
frequency and amplitude shifts occur.
Ruggero et ale (1983) have suggested that SOAEs arise from an
area of sharp transition between normality and abnormality in the
cochlea, although the cochlear aberration may be too subtle to
produce abnormal results on standard audiometric tests.

One example

is given of a microstructure audiogram obtained from a subject with
an SOAE at 7529 Hz, adjacent to a frequency region with decreased
sensitivity.

A decrease in threshold occurred gradually over a 2000

to 3000 Hz interval, and an abrupt increase in sensitivity occurred
near the SOAE and was maintained for 4000 to 5000 Hz before the
thresholds began to decrease again.

Smaller fluctuations in

threshold were superimposed on the large shifts in the baseline.

The

range of frequencies over which microstructure audiograms were
obtained in the present study was

~oo

narrow to assess large shifts

in baseline threshold sensitivity similar to the shift observed by
Ruggero et ale

However, Subject 86 (RE) appeared to exhibit such a

shift in baseline on either side of the SOAE.

Data for a larger

frequency range are needed to assess this possibility.
According to Kemp (1979a), SOAEs and minima in microstructure
audiograms may have the same origin.

He proposed that they are the

result of a "magnification of stimulus by a discrete physical
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r'~sonanc'3

of the peripheral auditory mechanism" (p. 41).

The

stimulus may b'3 '3xt'3rnal or may be an internal stimulus such as
physioloeic;.l1. noise.

According to Kemp's model, standing waves are

formed in the cochlea and r'3flected between the irnp'3dance mismatch at
the oval window and a specific point on the basilar membrane.

Wilson

(1·980b) has suggested that the point of reflection on the basilar
membrane may be caused by a swelling of hair cells in response to
stimulation at that pOint.

Whatever their source, th'3 standing

~aves

are thought to be responsible for threshold minima, SOAEs, and '3voked
emissions.

In Kemp's model, standing waves are formed only for very

low l'3vpl stimuli so that conv'3ntional models of cochlear mechanics
are not challenged.
If a threshold minimum is produced by the interaction of

R

standing wave in the cochlea (detected as an SOAE) and an external
stimulus, the amount of the threshold shift should be directly
related to the amplitude of the SOAE.

To the contrary, SOAE

amplitudes and the magnitudes of threshold minima did not appear to
be related.

This may be due to complex nonlinear interactions

between the SOAE and the external stimulus tone.

In gddition,

transmission of the SOAE through the middle ear may alter its level,
affecting the relationship between the two as measur'3d outside the
ear.

Also, as mentioned pr'3viously, the frequency intervals of the

stimulus tone may not be small enough to identify precisely the
frequencies of the threshold minima.

Therefor'3, the magnitudes of

the identified threshold minima may be measured from points adjacent
to the actual minima.
In summary, SOAEs were positioned along the

f~equency

domain

consistently with respect to threshold minima in microstructure
audiograms.

Other threshold minima existed that WAre not associated

with SOAEs, although it is possible that undetected SOAEs are
associated with these minima.

Threshold minima were identified at

frequencies that were cubic distortion products of two other
threshold minima.

For the two subjects from whom

~eplications

of

microstructure audiograms were available, the patterns of threshold
maxima and minima were consistent over time as were the

f~equencies

and amplitudes of their SOAEs.
Psychophysical Tuning Curves and SOAEs
A second purpose of this study was to assess whether or not
differences in frequency selectivity exist between ears or frequency
regions with and without SOAEs.

PTCs are commonly obtained to

determine if the ear's ability to analyze frequency is !:lltereu by
some factor, such as exposure to noise or hearing loss.
the result of damage or abnormality in the

ea~,

If SOAEs

~re

this might be

reflected as a de-tuning of the ear manifested by wider than normal
tuning curves.

Conversely, if SOAEs are the

~esult

of qctive

resonances within the cochlea, such as the standing wave resonances
described by Kemp (1979a), enhanced frequency selectivity may occur.
It has been pointed out that the damage hypothesis and the resonance

-._- - - -
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hypothesis are not

neces~arily

mutually exclusive (Ruggero et al.,

1983; Zurek & Clark, 1981), and it is not expected that information
about frefluency selec tivi ty will prove or disprove either hypothesis.
However, knowledge about the ear's frequency analyzing ability in the
presence of SOAEs may be helpful in refining models and theories of
cochlear function.
The PrCs obtained in this study were qualitatively similar to
those reported by other investigators.

Host exhibited the typical

V-shape, however, several of the PrCs had more than one tip ,?r

N~re

multi-lobed in appearance.

~

The presence of a secondary tip at

frequency below the center frequency of the Pre is attributed to
combination tones which occur as the result of an interaction between
masker and probe during simultaneous masking (Leshowitz & Lindstrom,

1977; Norton, 1982).

For Subject 16, the irregularity in the PTC was

below the center frequency, as expected.

For Subjects 17, 65, and

99, however, the irregularities occurred above the center frequency.
In each of these three cases, the PrC was centered at a target
emission frequency, suggesting that the SOAE may have been the factor
infl1lencing perception of the masker ::md probe tones when the masker
was above the probe frequency.

It is interesting to note that for

Subjects 65 and 99 this occurred in the non-emission ear as .... e11 as
the emission ear.
The PrCs ootained from Subject 99 exhibi ted a drastic
between evaluation sessions.

'~h.qnge

Those obtained juring the first session

·. . ere normal in appea ranee I'lnd were similar to the PrCs obtained from

-.- ..
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oth8r subjects.

The tips of the PTes obtained .1lH'ing the second

session were shifted upward by 4 dB at 1767 Hz (the target emission
fr8quency) in both ears and by 1.2.5 dB at 3000 Hz in the emission
In addi tion, the PrC centered at 1767 Hz in th8 emission ear

ea r.
'..las

ml.ll ti-lobed and was a great deal wider than th8 PTC obtained two
Thresholds for the pulsed probe tones were within 3 dB

days befor8.

of those obtained two days prior for 1767 Hz in the right ear and

3000 Hz in the left ear.

At 1767 Hz in the left ear, a 9 dB

improvement in thr8shold was noted during the s8cond session.
Subsequent questioning of the subject r8vealed that she had listened
to loud music the evening before the second evaluation session.

She

had no sensation of thr8shold shift or tinnitus prior to or during
the session and the amplitudes of her SOAEs W8re unchanged.

PTCs are

reported to be more sensitive to the effects of noise exposure than
measurements of threshold sensitivity and it is not uncommon for
changes in PrC characteristics to occur in the absence of decreases
in threshold (Hwnes, 1983;

1983).

~IcFadden ,lj

Pasanen, 1980; Pick & Evans,

Data regarding the PrCs obtained during the second session

for Subject 99 are not included in the discussion that follows.
In 14 of 15 cases, Q10 values were found to be higher
(indicating sharper tuning) for the PTCs obtained at the target
emission frequency in the emission ear than for the other bw ?TCs
obtained from each subject.

This is consistent with the hypothesis

tl1a t; an ear

at a specific frequency might exhi bi t an

Iii

th

;:l

r~SO!lance

enhanced ability to resolve frequency near that point in the cochlea •

.':---" ---.'.t...

63

The PTCs obtained are qualitatively similar to those reported
by other investigators

~ith

simultaneous presentation of probe tone

and masker (Carney & Nelson, 1983; Hoekstra & Ritsma, 1977; Ritsma,
Wi~,

~

van der Lans, 1980; Weber, Johnson-Davies, & Patterson, 1980;

Iv'ightman, r1cGee, & Kramer, 1977; Zwicker, 1974; Zwicker & Schorn,
1978).

Comparison of Q10 values with those of other studies is

difficult because they are rarely reported quantitatively, and if
they are reported, it is only for one or two fl'equencies in eRch
study.

In addition, PTC center frequencies in the present study were

chosen to correspond to the target emission frequency and this
frequenc~

vQl'ied for individual subjects, making comparison to other

studies difficult.

For these reasons a subset of the PrCs obtained

in the pl'esent study were divided into three groups for comparison
~ith

PTCs from other studies.

The groups included PrCs with center

frequencies near 3000 Hz, 2000 Hz, and 1000 Hz.

These groups

provided a representative sample of the PrCs from the present study
for compal'ison to the data of other investigators.

Information about

the l)resence of SOAEs is not available f0r 'lily of the subjects in the
studies used for comparison.
Fifteen PrCs from seven subjects were obtained from the
frequency region 2500 to 3500 Hz.

Sleven had center frequencies at

the higher frequency selected in the emission ear and four were
centered at the target emission frequency in the emission and
non-emission ears (Subject 65, 3350 Hz).

The mean of the Q10 values

from PTCs in this frequency range was 6.2 (range = 3.6-13.0), w~ich

69
is comparable to that reported by iiightman et a1. (1977) for PrCs
obtained from three subjects.

They repoded a lIlean :tl0 value of 5.2

at 3000 Hz.
Rits:na et a1. (1980) reported a mean Ql0 value of 4.6 for
PTCs centered at 2000 Hz.
i'li th

For comparison, PTCs in the present study

center frequencies between 1-500 and 2500 Hz \ofere reviewed.

from three subjects were available in this frequency range.

PTCs

Six of

the PTes were from emission and non-emission ears at target emission
frequencies (Subject 08, 1·525 Hz; Subject 99, 1767 Hz), and two were
from a higher frequency in the emission ear.
all of the PTCs was 9.1 (range

=

The mean Ql0 value for

3.9-18.6), and the mean Ql0 value

fo r. the PTCs, excluding those obtained at SOAE frequencies, .ms 6.2
(r.ange

3.9-7.6).

=

TI'lO reports have provided Q1-0 values for simultaneous masking
PTCs obtained at 1000 Hz.

For comparison with these studies, Ql0

values from PTCs at center frequencies between 500 and 1500 Hz in the
present study were considered.

These included target emission

frequencies from both emission and non-emission ears of five
subjects.

The mean Ql0 value for PrCs from the non-emission ears was

8.5 (range

=

3.5-14.1), and the mean Ql0 value for PTCs from the

emission ears was 13.3 (range

=

5.0-18.7).

Ritsma et al. (1980)

reported a mean Ql0 value of 5.0 at 1000 Hz for 13 subjects; Wightman
et a1. (1977) reported a mean Ql0 value of 4.5 at 1000 Hz for six
subjects.

",:---

\'ihen Ql0 values are taken from PTCs that are not centered

--- . .

~.
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near an SOAE, they are comparable to, though slightly higher than,
those reported by other investigators.
The discrepancy between values obtained in this study and
those reported by others may be due to procedural differences.
Ritsma et ale used a narrowband masker and a forced-choice procedure.
Wightman et Rl. used a pulsed pure tone masker and a forced-choice
procedure.

Both of these procedures might reduce combination-tone

interactions between the probe and the masker.

The reduction in

listening cues provided by combination tones might result in wider
tuning curves.

Recall that in the present study a continuous pure

tone masker and a Bekesy tracking method were used.

In addition,

methods for calculating Q10 values are not described by the

au~hors

and may vary from study to study resulting in differing Q10 values.
For example, Stelmachowicz and Jesteadt (1984) obtained simultaneous
masking PTCs at 2000 Hz using a narrowband masker.

Q10 values were

calculated by using a least squares procedure to determine the slope
and then calculating the Q10 values from the slope and the
y-intercept.

For 10 subjects, the mean Q10 value at 2000 Hz was 9.3.

This value is much higher than that reported by Ritsma et al (1980).
They also calculated Q10 values in this manner from published figures
of other reports (Hoekstra & Ritsma, 1977;

o 'Loughlin & Moore,

1981;

Weber, Johnson-Davies, & Patterson, 1980) and found good agreement of
mean Q10 values among ('eports.

It appears that both differing

methods for obtaining PTCs and for calculating Q10 values can be
confounding factors when reporting Q10 values, however, the results

.•
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obtained in this study for PTCs not centered near SOAEs are in
g<:!ne ra 1 agreement

loTi th

those from

0

the r studies.

Q1 0 val ues fo r PrC s

obtained at the target emission frequency in the emission ear are
considerably higher than those obtained at the same frequency in the
non-emission ear or at similar frequencies in other investigations.
Quantitative measures of high and low frequency slopes of
PTCs are reported less frequently than Q10 values.

Using their least

squares method, Stelmachowicz and Jesteadt (1984) reported a mean
high frequency slope of 137.0 dB/octave (SD
frequency slope of -127.7 dB/octave (SD

=

=

21.5) and a mean low

28.3) for PrCs at 2000 Hz.

Slopes calculated from published figur<:!s of the three studies cited
above ranged from 1,06.3 to 137.1 dB/octave for high frequency slopes
and from -75.6 to -160.0 dB/octave for low frequency slopes.

The

mean high frequency slopes obtained for PrCs centered near 2000 Hz in
the present study was 120.8 (range

= 78.3-169.7).

frequency slope for the same PrCs was -124.8 (range
-75.9-(-187.1 )).

The mean low
=

Both slope measurements are within one standard

deviation of the results reported by Stelmachowicz and Jesteadt.
Test-retest reliability for Q10 values and hieh and

IOI,/,

frequency slopes was found to be good and corresponded well to
reliability data supplied by Stelmachowicz and Jesteadt (1984).

To

assess reliability, they obtained six PrCs from each of 10 subjects
at 2000 Hz.

For comparison, intrasubject differences for Q10 values,

high frequency slopes, and low frequency slopes from ?TCs obtained
during the first and second evaluation sessions were calculated.

.'.::--'~
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mean differences for all of the PTCs in the present study were within
one standard deviation of the Stelmachowicz and Jesteadt data.

The

only exceptions were the mean difference in high frequency slopes
obtained from the non-emission ear and the mean difference in the low
frequency slopes calculated from PTCs centered at the higher
frequency in the emission ear.

Stelmachowicz and Jesteadt reported

that of the five measures of PTCs that they compared, the low
frequency slopes were most variable.

In the present study, the

largest intra-subject difference from session to session also was
observed for the low frequency slope measurements.
As previously mentioned, a significant difference was
observed behleen Q10 values calculated from PTCs centered at the
target emission frequency in the emission and non-emission ears.

The

Q1,O values were higher, suggesting sharper tuning, in the emission

ears for 14 of 15 PTCs.

Conversely, comparison of high and low

frequency slopes revealed no difference between PrCs from the
emission and non-emission ears.

The difference between the PTCs at

the target emission frequency in both ears that is reflected by the
Q10 values must be localized to the tip region of the PTCs.

possible that another measure of PrC characteristics, such as
tip-to-tail difference, might have been sensitive to the
between the PrCs.

It is
th~

differenc~s

Enough data points were not obtained to make a

clear distinction between tip and tail for most of the PTCs obtained
tn this study.

The PrCs for Subject 86, however, .10 exhibit a clear

demarca tion behleen tip and tail.

The mean tip-to-tail differences
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were 34.5 for the target emission frequency in the emission ear and
21.0 for the same frequency in the non-emission ear.

A 3ubstantial

difference exists between the two ears for this measure.

Whether or

not the differences would be maintained for the other subjects is not
apparent.
Differences between PTes that are reflected in the tip and
not in the slopes of the legs of the PTe may be the result of an
effect that occurs only when the frequency of the masker is very near
the frequency of the probe tone.

In the case where the probe

frequency was also the frequency of an SOAE, an interaction between
probe, SOAE, and masker was possible.

An indication that an

interaction occurred between the probe tone and the SOAE was evident
when the target SOAE of Subject 08 suddenly shifted in frequency by
12 Hz during an evaluation session.

The subject reported that the

loudness level of the probe tone became noticeably lower.
Remeasurement of the SOAE revealed that it had shifted in frequency,
and when the probe tone was re-aligned with the SOAE, it regained its
former loudness level.

It appears that an additive effect exists

when an SOAE and a stimulus tone are of the same
is known to be a narrow band signal.
narrow

b~nd

frequen~y.

The SOAE

Addition of a pure tone and a

signal of the same frequency would cause an increase in

the overall amplitude of the signal. This

~dditive

effect also is

illustrated by the improvement in thre8hold sensitivity observed in
the microstructure audiograms when the stimulus and SOAE are of the
same frequency.

--- . . '...:
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As noted by others (Kemp, 1981; Wilson & Sutton, 1981; Zurek,

1981), subjects who were not aware of their SOABs frequently reported
beats or roughness when an external stimulus was introduced near the
frequency of the SOAB.

The sensation described by subjects does not

appear to be a true beating of the SOAB and the external tone.
subject described it as an "almost painful vibration."

One

Wilson and

Sutton (1981) have described this phenomenon as an irregular locking
and unlocking of the phase of the SOAB with the stimulus.

Factors

such as noise or change in sensitivity may allow the SOAE to be
released from phase-locking for brief periods, giving the sensation
its irregular character.

During data collection for PTCs, these

reports of beats or roughness are probably due to an interaction
between the masker and the SOAE when the masker is near the SOAB
The detection of the roughness may necessitate higher

fr~qllency.

masking levels in the vicinity of the SOAB.

This might result in

higher Q10 values but negligible differences in slope8.
Another explanation for the differences in PTCs obser-ved
between emission and non-emission ears is off-frequency listening.
Off-frequency listening is thought to occur when the listener focuses
on a frequency other than the frequency of the probe tone to achieve
a better signal-to-noise ratiO between signal and masker
(Johnson-Davies & Patterson, 1979; O'Loughlin & Moore, 1981).

This

is possible because the signal or probe tone is not entirely masked
and a residual excitation exists on the basilar membrane.

The

effects of off-frequency listening appear to be greater at the tip

";---"
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than they

~re

for the high and low frequency slopes of the PT8

(Johnson-Davies & Patterson, 1979; Moore, 1982, p. 80; O'Loughlin &
r·1oore, 1-981).

Experirnen ts in which off-frequency lis tening is

restricted have resulted in a parallel shift of the legs of the

prc.

Restricting the off-frequency listening area caused the tip to shift
and flatten and the Q10 value to decrease.
slope

~a8

observed.

A negligible change in

If off-frequency listening occurs during

masking, resulting in a more narrowly tuned PrC, it may be
facili ta ted by the presence of a narrowband SOAE at the probe
frequency.

The interaction of probe, SOAE, and masker

;ni~ht

ton'~

provide

more opportunity for off-frequency listening to occur than is
normally the case.

The higher Q10 values in the absence of slope

changes observed in the present study suggest that such a complex
interaction might exist.
In summary, PTCs centered at target emission frequencies were
found to have enhanced frequency selectivity as reflected by higher
q1.0 values.

It appears that the

~llhancement

in frequency selectivity

is concen tra ted at the tip of the PI'e because it is not r-eflected in
slope measurements.

It is suggested that an improvment in frequency

selechvi ty may be brolleht ::tbout by (a) an addi ';ive effect between
the probe tone and the SOAE, (b) the subjects' perception of beats
caused by an interaction between the masker and the SOAE, or (c)
off-frequency listening facilitated by the presence of the narrowband
SOAE.

".:.--'. ----:-_.1.:
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SOAE Characteristics
In addition to their interaction with

microstruc~ur~

.9.udiograms and PTCs, several interesting characteristics of the SOAEs
themselves were noted.

Frequencies of SOAEs

~ere

observed to shift

by as much as 20 Hz between evaluation sessions and by as much as
12.5 Hz during a single session.
that such shifts are

co~non

Other investigators have reported

(Burns, Strickland, Tubis, & Jones, 1984;

Clark et al., 1984; Fritze, 1983a; Kawell, 1982; Rabinowitz & Hidin,
1984; Ruggero et al., 1983; Wier et al., 1984; Schloth, 1983; Zurek,
1981).

Zurek (1981) documented a slow decrease in the frequency of

an SOAE throughout several testing sessions.

He ruled out a pressure

increase in the sealed ear canal and a microphone warm-up period as
causes of the frequency shift.

He proposed that a temperature change

caused by wearing either the probe assembly or circumaural ear
protectors was responsible for the shift.

~fuen

the ear was warmed

with a heat lamp, however, the same shift in frequency was not
observed and it \.,as hypothesized that it was an interaction between
temperature and humidity in a covered ear canal that caused changes
in the impedance of the middle ear system.

Impedance changes as a

result of positive or negative pressure introduced into the ear canal
have been reported to alter the frequency of an SOAE by as much

~s

Hz (Kemp, 1981; Schloth & Zwicker, 1983; Wilson & Sutton, 1981),
however, in most cases the frequency shifts to a higher frequency
regardless of the direction of pressure change.

In ':lddition,

frequency shifts of SOAEs induced by eliciting the acoustic

".:--'.
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have been to higher frequencies (Grose, 1983; Rabinowitz & Widin,

1984; Schloth & Zwicker, 1983).

The upward frequency shifts

secondary to impedance changes have been

att~ibut~d

to a phase

advance as the stiffness of the middle ear is increased (Wilson &
Sutton, 1981) and

(10

not explain the dowmtard frequency shifts

observed in this study during the course of an evaluation session.
Furthermore, for the frequencies tested, impedance changes have been
shown to tlecrease the amplitudes of SOAEs by several decibels,
presumably because of a transmission loss

th~ough

decrease in 30AE amplitudes did not accompany the

the middle ear.
f~equency

A

shifts

observed during an evaluation session in the present study.
Conversely, the majority of SOAE frequency shifts reported
when a low level external auditory stimulus has been presented to an
ear with an SOAE have been to lower frequencies (Rabinowitz & ilidin,

1984; Ruggero et al., 1983; Wilson & Sutton, 1981).

This is

consistent with the observation in this study that 45 of 48 (94%)
frequency shifts were to lower frequencies within sessions in which
PTCs were obtained.

The interaction between the masker or th-=

p~obe

tone and the SOAE may have been responsible for the frequency shifts.
In addition, SOAE frequencies shifted dowmrard for seven 0f the eight
subjects during the evaluation session in which microstructure
audiograms were obtained.
low level pulsed tone.
p~ovoked

The external stimulus in this case was a

It is not certain that the external stimuli

the frequency shifts, but it is probable that SOAEs are

influenced by low level auditory stimuli •

.,:-0- ----.. 1.:
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The magnitudes of the frequency shifts were larger for those
subjects with a single unilateral SOAE than for those with multiple
SOAEs.

This trend was observed for frequency shifts both within and

between sessions.

Because it was not apparent that an interaction

between SOAEs in opposite ears occurs, Subject 99's data for the
emission ear were included with those of the other subjects with a
single SOAE in one ear.

Subject 99 had bilateral SOAEs, but in the

target emission ear, a single SOAE was detected.

Because

contralateral stimulation does not alter SOAEs, it seems more likely
that the factor

influenci~g

the difference in frequency shifts is a

single SOAE versus multiple SOAEs in one ear rather than a bilateral
versus unilateral distinction.

i<ihen the data were re-analyzed wi. th

Subject 99's data in the unilateral group, the difference between the
distributions of the two groups was still significant.

It appears

that, when multiple SOAEs are present in an ear, they inhibit large
shifts in frequency.
warranted.

Further investigation of this trend is

It would be interesting to detennine whether frequency

shifts of the linked SOAEs or cubic difference tone SOAEs described
by Burns, Strickland, Tubis, and Jones (1984) behave in the same
manner.
cubic

None of the multiple emissions recorded in this study j-lere

distor~ion

products of the others or were related harmonically.

Variability in SOAE amplitudes was observed both between
sessions and within sessions.

This variability has been reported by

other investigators (Bright & Glattke, 1984; Kawell, 1982; Rabinowitz

& Widin, 1984; Schloth, 1983) and appears to be unrelated to

:.• ~ ...
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frequency shifts of the SOAEs.

The observed shifts in S8AS

9mplitudes did not exhibit a clear trend.

Increases and decreases in

amplitude were observed throughout each evaluation session for all
subjects.

The amplitude shifts have been attributed to

~Ie

narrowband nature of the SOAEs (Rabinowitz & Widin, 1984) and they
are thought to reflect the fluctuation of the various components of a
narrowband signal.

",:'--'~
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CHAP'rii;H 5
SUf1f1ARY AND CONCLUSION'S
Since the first report of spontaneous otoacoustic emissions
(Kemp, 1979), there has been a great deal of speculation regarding
the mechanism by which they are produced.

Most investigators agree

that they have a cochlear origin but the exact locus of origin is
unknown.

One hypothesis regarding the origin of SOAEs concerns an

active mechanical resonance in the cochlea.

It is thought that a

frequency-specific resonance is set up in the cochlea by an

~ctive

force such as Brownian motion (Kemp, 1981), quantum noise (Bialek &
Wit, 1984), or hair cell swelling (Wilson, 1980c).

The resonance is

believed to be maintained by a retrograde travelling wave that is
reflected back and forth by impedance mismatches at either end of the
extent of travel of the wave.
,\

S'~(;:"Hld

hypothesis has been proposed based on the premise

that SOAEs occur as the result of damage or abno rrnl'i l.i ty in the
cochlea (Clark et al., 1984; Huggero et al., 1983).

Several authors

have proposed a positive feedback mechanism as the active source of
energy in the cochlea (Davis, 1983; Gold, 1948; Ruggero et sl., 1983)
but Ruggero and his colleagues have added a negative damping element
to the model.

They have suggested that release from damping occurs

80
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when there is an area of damage in the cochlea causing a spontaneous
oscillation of the basilar membrane at that pOint.
An attempt was not made in the present study to detennine the
validity e)f 1;he hypotheses described above.
I-TaS

Rather, the objective

to determine the possible effects of SOAEs on behavioral

sensitivity and frequency selectivity, as measured by psychoacoustic
methods.

Desription and analysis of the relationships between SOAEs,

micr.ostructure audiograms, and PrCs may prove useful in refining
hypotheses and developing theories regarding SOAEs and cochlear
function.

Answers to three research questions were sought by this

investigation.
1.

Are SOAEs associated with audiogram microstructure minima or
maxima?
Microstructure audiograms were obtained from both ears of all
subjects.
~ith

SOAEs were found to be associated consistently

threshold minima (regions of increased sensitivity).

For one subject, a baseline decrease in threshold sensitivity
~as

present for frequencies above the SOAE, a condition glse)

reported by Ruggero et al. (1983).
2.

Are PrCs obtained from frequency regions Iii th 30AEs different
from PTCs obtained from frequency regions with no emissions?
Three sets of PTCs were obtained from all subjects.

?TCs

centered at the target emission frequency in the emission ear
were characterized by higher Q10 values than the other two

".:;---
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sets of PTCs.

Hieh and

lo~

frequency slopes

~ere

not found

to differ significantly, therefore, the differences between
PTCs appear to be localized to the tip region.

3.

Do systematic relationships exist between microstructure
fluctua tions, characteristics of PTCs, and SOAE
characteristics?
The presence of an SOAE at a specific frequency resultAd in
threshold minimum in the microstructure audiogr'1rn

;t!;

~;h'l

~

t

frequency and a PTC wi th a higher Q10 value than other PTCs
from the same subject.

Characteristics of the SOAE, such as

its frequency or amplitude, did not appear to affect this
r~lationship.

No other patterns were observed.

Other results observed were:
1.

Threshold minima in the microstructure audiogram that were
not associated with SOAEs were found to exist.

Some of these

minima corresponded to the cubic distortion product of two
other threshold minima.
2.

The amount of threshold shift observed in microstructure
audiograms

3.

~TaS

not related to l;he amplitude of the SOAE.

;·lulti-lobed PrCs

~ere

observed for four subjects.

This -,.,as

attributed co the influence of combination tones produced by
interactions among the probe, the masker, and the SOAE.
4.

Subject 99, who reportedly was exposed to noise the evening
preceding the second PrC evaluation session, exhibited

33
;narkedly

diff~rent

~o

obtained during the first session.

~h0He

PTCs j:.lring the second session as

compar~(l

An accompanying

decrease in threshold sensitivity was not observed.

5.

Good agreement was found between results from the present
study and those reported by others for Q10 values and high
and low frequency slo,fJes of PrGs that were not centered near
SOA.Es.

6.

Subjects frequently reported perceptions of

beH~3

or

roughness when an external stimulus, such as the ;nasker
during data collection for Pres, was near the frequency of
the SOAE.

7.

Frequencies of the SOAEs shifted both between evaluation
sessions and during evaluation sessions.

The shifts that

occurred during a session most often were to a lower
frequency.
3.

The frequency shifts of the 30AEs were larger for subjects
with a single SOAE than for subjects with multiple SOAEs.

9.

Other than the wnplitudes of SOAE frequency shifts, no
significant differences were noted between subjects with
unilateral SOAEs and subjects with

bilater~l

SOAEs.

In conclusion, enhanced sensitivity and frequency selectivity
were observed to occur at frequencies where SOAEs had been
for eight subjects Iii th normal hearing.

;}e~l?cted

Evidence of damage or

abnormality in the cochlea, as measured by microstructure Budiograms

,,-.~
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and p8ychophysical tuning curves, '",as not observed.

However, these

methods may not be sensi tive enough to illenti fy such damage.
Threshold minim..:). had been demonstrated previously to be associateri
wi:h S8AEs.

Results of the present study confirm that finding and

also indicate that frequency selectivity is enhanced near SOAE
frequencies.

These findings are indications that an active ongoing

energy source is assodated with SOAEs.

Kim (1984) has hypothesized

that the outer hair cells of the cochlea provide a gain control
mechanism for the system.

He has proposed that their function is to

enhance sensitivity, frequency selectivity, and the dynamic range of
the mechanical response of the cochlea by acting as a bidirectional
transducer between mechanical and electrochemical energy.

He and

other researchers (e.g., Weiss, 1982) have suggested that SOAEs gre
evidence that such bidirectional activity takes place.

If it can be

demonstrated by future investigations that SOAEs correspond to outer
hair cell activity, they might be a potential diagnostic tool for
establishing site of lesion wi thin the cochlea (rkFadden

&

lVightman,

1983) •

Regardless of their origin, SOAEs exert a
~n

psychophysical measurements.

cOlnph~x

infl uence

When deSigning experiments in which

low level signals are to be involved, it should be remembered that
SOA2s may be present in many normal ears and that they may influence
threshold sensitivity and frequency selectivity.

In addition, SOAEs

may shift in frequency over brief time periods, and
interact with low level acoustic stimuli in

..

:-.~

-'-.'.~

~

~ley

appear to

complex manner •
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CALIBRATION PROCEDURES
The frequency response of the Knowles EA-1842 subminiature
microphone with coupling apparatus was determined by recording its
response to pure tones at 50 Hz intervals from 500 Hz to 5000 Hz,
inclusive.

The Grason-Stadler earpiece to which the microphone was

connected via a 4 cm length of teflon tubing (with inner diameter of
1.35 mm) was fit snugly into a small comparison cavity placed in the
double-walled booth (2.16 m x 2.25 m) in which the apparatus was
used. The pure-tone signals were transduced by a Knowles BP-1869
miniature earphone also coupled to the earpiece via a 4 cm length of
tubing.

The tones were adjusted to 74 dB SPL as registered by a

calibrated Bruel and Kjaer laboratory microphone and the Bruel and
Kjaer spectral analyzer.

The relative frequency response of the

system is shown in Figure 15.

The SPL values obtained in this way

S8rved as the ,tA. ta for a computer program that
convert microvolt values read from the spectral

\O{8.S

d~signed

~nalyzer

to

to dB SPL.

The procedure was repeated following completion of the data
collection to ensure that the frequency response of the microphone
remained stable.
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Prior to each data collection session, an

averag~d

broadband

spectrum was obtained with the microphone coupled to a 2 co cavity.
The noise floor did not vary by more than a few microvolts from
session to session, and a visual inspection of the broadband spectrum
ensurgJ thut the amplifier/filter system was working properly.
uJdi~i0n,

In

a 1000 Hz pure tone at 20 dB 8PL was introduced via the

Knowles earphone to the system and the output was read on the
spectral analyzer.

This value (243 microvolts) remained constant

from session to session.
Because only one earphone was used at a time, only the right
earphone of the Grason-Stadler E800 Bekesy audiometer was calibrated
for both the masker and probe tone inputs.

The probe tone was

switched to a continuous mode for calibration, and a constant-voltage
signal was routed from the Heathkit function generator through a
Grason-Stadler 829D electronic switch, a Hewlett-Packard 350 D
attenuator, the masker attenuator of the Bekesy audiometer, and an
isolation

transfo~ner

Figure 2, Chapter 2).
at 1000 Hz.

to the earphone placed inside the booth (See
The voltage selected

corr~8ponded

to 90 dB 3PL

The output of the earphone was measured through a 6 cc

coupler by a General Radio 1933 sound level meter set to the
appropriate octave band filter.

SPLs for frequecies at 100 Hz

intervals were measured from 500 Hz through 5000 Hz.

The levels of

the masker tone generated by the oscillator in the Bekesy audiometer
and routed to the right earphone were determined in the same manner
as for the probe tone.

.. :----
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The procedure was repeated after the data
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collection was completed to ensure that the response of the earphone
was unchanged.
Attenuator linearity of the three attenuators (two in the
Bekesy audiometer and a Hewlett-Packard attenuator in the probe-tone
circuit) was verified for the smallest attenuator steps provided by
each attenuator for a 1000 Hz pure tone.

The right earphone, coupled

to the General Radio sound level meter as described above, was used
for this portion of the calibration.
Harmonic distortion was measured by routing the signal from
the General Radio sound level meter to the spectral analyzer.
Second, third, and fourth harmonics were at least 30 dB below the SPL
of the signal.
The rise and decay times of the 500-msec probe tone were
measured by feeding a 1000 Hz signal from the sound level meter to
the spectral analyzer and capturing a waveform of the pulse.

The

time betl-leen 1CJ!o and 90% of the signal's maximum amplitude was taken
as the rise time or the decay time.

The rise and decay times of the

200-msec stimulus tone for the microstructure audiograms were
dete~nined

in the same manner.

Ambient noise in the double-walled booth (2.16 m x 2.25 m)
was determined using a Bruel and Kjaer sound level meter with octave
filters and \"as found to be less than 15 dB SPL (re: 20 JlPa) for
frequencies 250 through 16K Hz.
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