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Abstract
Temporal Integration of the Acoustic-Reflex Threshold
and its Age-Related Changes
by
Michele B. Emmer

Adviser: Dr. Shlomo Silman

This study investigated age-related effects and changes on temporal
integration of the acoustic-reflex threshold (ART) for broad-band noise (BBN) and
1000-Hz tonal activators. There were forty subjects comprised of 20 young adults
(10 females and 10 males) and 20 older adults (10 females and 10 males). For both
activating stimuli, temporal integration of the ART was investigated using 1-dB
intensity increments and a high-resolution strip-chart recorder for the following
activating stimulus durations: 12 msec, 25 msec, S0 msec, 100 msec, 200 msec,
300 msec, 500 msec, and 1000 msec.

Temporal integration for both BBN and 1000-Hz tonal stimulus activators
was analyzed using analysis of variance (ANOV A), analysis of covariance
(ANCOVA), and analysis of trend. The results indicated the absence of a
significant age-related effect on temporal integration of the ART for the 1000-Hz
tonal activator. In contrast, a significant age-related effect was present for temporal
integration of the ART for the BBN activator. This age-related effect for temporal
integration for the BBN activator was observed at activator stimulus durations of

over 200 msec.
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The absence of an age-related effect for temporal integration for the tonal
activator, and its presence for the BBN activator, were explained primarily in
relation to age-related changes of the outer-hair cells (OHCs) which are known to be
first affected by age. This change in the OHCs was theorized to be the major factor
for the age-related effects on the BBN ART. Clinical and research data were

presented to support this hypothesis.
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Chapter 1
Introduction

The acoustic reflex is a bilateral contraction of the stapedius muscle
which occurs in response to moderately intense acoustic stimuli. Its presence
can be inferred from middle-ear immittance change, electromyographic
measurement, or microscopic observation through an open tympanic
membrane.

The seminal work by Metz (1946), who was the first to monitor both
the dynamic and static characteristics of the middle ear with an
electroacoustic impedance device, led to two major paths of investigation.
One focus was on monitoring the activity of the acoustic reflex (dynamic)
and the other was on evaluating the status of middle-ear static-acoustic
immittance. These investigations led to the introduction of impedance
audiometry. Since Metz’s time, a plethora of articles has appeared dealing
with the clinical applications and scientific interpretation of the middle-ear
and auditory systems both with regard to the acoustic reflex and to the
middle-ear static-acoustic immittance.

Special attention has been given to the acoustic reflex (AR) in light of
research that has shown it to be reliable and present in the vast majority of the
population. Therefore, it was extensively investigated both for its clinical

application and for its scientific significance and merit. The focus of an
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entire text on the basic principles and clinical applications of the AR attests to
its importance (Silman, 1984).

Several aspects of the acoustic-reflex threshold (ART) in humans
have been investigated. These include: identification of middle-ear, cochlear
and retrocochlear pathology (Jepsen, 1963; Anderson, Barr & Wedenberg,
1969, 1970; Jerger, 1970; Jerger, Anthony, Jerger & Mauldin, 1974a; Jerger
& Jerger, 1975; Bosatra, Russolo & Poli, 1976; Feldman, 1976; Hall &
Weaver, 1976; Bluestone, 1980; Brooks, 1980; Fiellau-Nikolajsen, 1983;
Green & Margolis, 1983; Green & Margolis, 1984; Margolis & Heller, 1987,
Silman & Gelfand, 1981a; Silman & Gelfand, 1981b; Nozza, Bluestone,
Kardatzke, & Bachman, 1992; Silman, Silverman & Arick, 1992; Silman &
Emmer, 1995; and so forth); prediction of hearing loss (Jerger, Burney,
Mauldin & Crump, 1974b; Keith, 1977; Silman & Gelfand, 1979; Popelka,
1976; Margolis & Fox, 1977, Hirsch, Margolis, & Rykken, 1992); threshold-
measurement techniques such as signal-averaging, ascending versus
descending techniques, size of the immittance change, visual monitoring
versus recording, mode of recording the response (digital versus analog);
mode of activating-signal presentation (ipsilateral versus contralateral);
activator-signal parameters which include intensity, duration, interstimulus
interval (ISI) and the effect of bandwidth; probe-tone parameters including
frequency, continuous versus interrupted presentation and multiplex versus

non-multiplex circuitry (Flottorp, Djupesland & Winther, 1971; Deutsch,
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1972; Peterson & Liden, 1972; Jerger, Anthony, Jerger & Mauldin, 1974a;
Margolis & Popelka, 1975a; Silman, Popelka & Gelfand, 1978; Silman,
1979; Silman & Gelfand, 1981; Wilson, 1978, 1979; Weatherby & Bennett,
1980; Bennett & Weatherby, 1982; Jakimetz, Silman, Miller & Silverman,
1989; Lutolf, 1996); subject parameters which include degree and type of
hearing loss, age, sex and pathology (Anderson, Barr & Wedenberg, 1969,
Brooks, 1980; Silman & Gelfand, 1981a; Olsen, Noffsinger & Kurdziel,
1975; Silman, 1979; Gelfand, 1984; Osterhammel & Osterhammel, 1979,
Jerger, 1975; Silman, Popelka & Gelfand, 1978; Jerger, Anthony, Jerger &
Mauldin, 1972; Wilson, 1979).

Other characteristics of the AR, including adaptation, latency,
morphology, magnitude and temporal integration, also have been studied.
(Anderson, Barr & Wedenberg, 1969; Wilson, Shanks & Lilly,1984; Dallos,
1964; Hung & Dallos, 1972; Silman & Gelfand, 1982; Bosatra, Russolo &
Silverman, 1984; Ruth & Niswander, 1976; Clemis & Sarno, 1980; Lynn,
1988; Silman, Popelka & Gelfand, 1978; Beedle & Harford, 1973; Wilson,
1979; Wilson, 1981; Silman & Gelfand, 1981b; Silman, 1984; Djupesland &
Zwislocki, 1971, Wright, 1972; Djupesland, Sundby & Flottorp, 1973;
Bazorov & Moroz, 1975; Richards, 1975; Woodford, Henderson, Hamernik
& Feldman, 1975; Barry & Resnick, 1976; Singh & Greenberg, 1976; Jerger,
Mauldin & Lewis, 1977; Feldman & Katz, 1978; Gelfand, Silman &

Silverman, 1981).
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Recently, age-related effects on both static-acoustic admittance and
on the ART have been extensively studied. With respect to static-acoustic
admittance, Holte (1996) and Wiley, Cruickshanks, Nondahl, Tweed, Klein
and Klein (1996) reported a positive correlation between tympanometric
width and increased age. Wiley et al. (1996) noted that external ear canal
volume tends to decrease as a function of age. A decrease in acoustic
admittance with increased age has been reported (Jerger, Jerger & Mauldin,
1972; Blood & Greenberg, 1977; Gates, Cooper, Kannel & Miller, 1990;
Hall, 1979; Hall & Weaver, 1979).

With regard to the AR, several investigators (Handler & Margolis,
1977; Silman, 1979a; Gelfand & Piper, 1981; Silverman, 1982) reported that
the ART for the broad-band noise (BBN) activator is higher in the older than
younger adult. Wilson (1981) found a significant difference in the ART for
the 4000-Hz activator between younger and older adults. Several
investigators (Thompson, Sills, Recke & Bui, 1980; Silman & Gelfand,
1981a; Wilson, 1979, 1981) found a significant decrease in the magnitude of
the AR as a function of age. Bosatra, Russolo, and Silverman (1984) found
increased latencies of the AR response in the older adult. It has been noted
noted that the procedures for predicting hearing loss in the older adult differ
from those used to identify hearing loss in the young (Silman (1984); Wallin,

Mendez-Kurtz, & Silman (1986); Silman, Gelfand, & Emmer, 1987).
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It appears that age has an effect on the majority of AR parameters.
However, thus far, there has been no investigation of age-related effects on
temporal integration of the ART. Temporal integration is the relation
(tradeoff) between intensity and duration when the time frame is less than
about one second. With increased duration of the stimulus, less intensity is
required for threshold — up to a critical point; the critical point is the duration
at which threshold plateaus. At the plateau, further increases in duration no
longer improve threshold. The critical point usually is called temporal
integration for threshold. Temporal integration occurs for threshold, for
loudness, and for the AR. The mechanism of temporal integration is based on
the time required by the nervous system to optimally integrate energy.

Methodologic problems confound the results of existing studies on
age-related effects on temporal integration of the AR, leading to a diversity of
findings. The majority of the studies used subjects of unspecified age. And
the preponderance of studies used very small sample sizes, such as two or
three subjects; sample size never exceeded ten subjects, and few studies
employed such a sample size. These small samples diminish the ability of
the investigators to generalize their findings. Nearly all of the investigators
reported large variability among subjects and across studies. Other
methodologic limitations of previous studies, which also may contribute to
the diversity of findings, include the following: (a) use of different criteria to

determine the ART; (b) use of diverse instrumentation; (c) use of different
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activating signals; (d) different calibration; (e) lack of specification of
instrument parameters such as resolution, time constant, and rise and fal!
times; and (f) lack of randomized stimuli.

To investigate age-related effects on temporal integration of the AR, a
large sample with appropriate statistical power and high-resolution
instrumentation should be used, and strict criteria should be employed for
quantification of temporal integration. This methodologic approach would
help control for many of the variables creating the variability in temporal-
integration findings (Barry & Resnick, 1976; Singh & Greenberg, 1976;
Woodford et al., 1975; Feldman & Katz, 1978; Korabic & Cudahy, 1984). In
turn, the reduced variability could enhance the use of temporal integration of
the AR in auditory diagnosis. Perhaps further investigation of temporal
integration of the ART for a BBN activator will help explain the disparity in
ART between younger and older normal-hearing subjects found at a duration
of one or more seconds. From a scientific perspective, the study of age-
related effects on temporal integration would further strengthen our
understanding of the physiology and mechanism of the AR.

The noise-tone difference refers to the difference in decibels between
the ART for the BBN activator and that for tonal activators. The NTD
usually is about 20 dB in normal-hearing persons, with the BBN ART about
20 dB better than the tonal ART. The NTD is narrowed in persons with

sensorineural hearing loss because the loss elevates the BBN ART. In
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addition, a narrowed NTD is commonly found in the normal-hearing older
adult. This phenomenon has complicated the prediction of hearing loss based
on the NTD in this population. The NTD, while having been thoroughly
investigated for activator duration of at least 1000 msec, has not been
investigated for duration less than 1000 msec. The inclusion of the BBN
activator in this study will provide information about the NTD in older versus
younger adults for activator duration of less than one second. Such
information about the NTD may allow us to reopen the use of these measures
for prediction of hearing loss in the elderly.

Although no studies specifically measured electromyographic (EMG)
age-related changes of the AR, the classical investigation by Zakrisson, Borg,
and Blom (1974) may shed some light on age-related effects on the AR.
These researchers found that the change in electromyography during AR
activation is strongly correlated with the acoustic-immittance change. Based
on Zakrisson et al. (1974), it can be hypothesized that the difference in the
acoustic-immittance changes during AR activation for younger versus older
subjects, when temporal integration is measured, represents age-related
differences.

Age-related changes in temporal integration of the ART were evident
in a limited pilot study that we conducted. In this pilot study, while the
threshold of temporal integration of the ART (the plateau) for tonal and BBN

activators could be easily identified for the younger adults, it was unclear in
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the older adults. For example, some subjects demonstrated lack of plateau
(the inverse relationship continued to the end) while others showed an
absence of temporal integration, that is, the threshold remained constant as
duration increased. These results suggested the need for a large-sample study
to clarify the effect of age-related changes on temporal integration of the
ART for both tonal and BBN activators (see 2™ Level Project entitled: 7he
Effect of Age on Temporal [ntegration of the Acoustic-Reflex Threshold” -
March 17, 1997).

Therefore, the primary purpose of this study was to investigate age-
related effects on temporal integration of the ART for both BBN and for 1000
Hz activators (using an adequate sample size as determined by statistical
power analysis) for the following durations: 12 msec, 25 msec, 50 msec, 100

msec, 200 msec, 300 msec, 500 msec and 1000 msec.
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Problem
To investigate temporal integration of the ART and its age-related changes in
normal-hearing adults.
Subproblems

1. To investigate whether temporal integration of the ART in the
older subjects differs from that in the younger subjects for a BBN activator
for the following durations: 12 msec, 25 msec, 50 msec, 100 msec, 200 msec,
300 msec, 500 msec, and 1000 msec.

2. To investigate whether temporal integration of the ART in the
older subjects differs from that in the younger subjects for a 1000-Hz tonal
activator for the following durations: 12 msec, 25 msec, 50 msec, 100 msec,
200 msec, 300 msec, S00 msec, and 1000 msec.

3. To investigate whether the NTD in the older subjects differs from
that in the younger subjects for the following durations: 12 msec, 25 msec, 50
msec, 100 msec, 200 msec, 300 msec, S00 msec, and 1000 msec.

4. To describe the characteristics of temporal integration of the ART

for the BBN and tonal activators in the younger and older adults.
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10

Definition of Terms

Acoustic admittance: The measure of the ease with which acoustic

energy flows through a system. It is mathematically defined as the ratio of
volume velocity to sound pressure (Y, = U/P). Expressed in mhos, it is the
reciprocal of impedance. The components of acoustic admittance include
acoustic stiffness susceptance (+B,), acoustic mass susceptance (-B,), and
acoustic conductance (G,). Total acoustic admittance can be calculated from

the formula:

¥} =B.+G?or ¥, =B, +G;

Acoustic admittance meter: A device constructed on the basis of the
acoustic-admittance formula: Y, = U/P.

Acoustic immittance: A global term representing both acoustic
admittance (acceptance of energy flow) and acoustic impedance (opposition
to energy flow) of the middle-ear system.

Acoustic impedance: The total opposition to the flow of energy
through a system. It is mathematically defined as the ratio of sound pressure
to volume velocity (Z, = P/U). Expressed in ohms, it is the reciprocal of
admittance. The components of acoustic impedance include acoustic mass
reactance (+X,), acoustic stiffness reactance (-X,), and acoustic resistance

(R,). Total acoustic impedance can be calculated from the formula:

Z:=R:+ X} or Z, =R + X}
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Acoustic impedance meter: A device that is constructed on the basis
of the acoustic-impedance formula: Z, = P/U. This device also is termed a
relative acoustic-impedance meter.

Acoustic millimho (mmho): The unit of measurement of acoustic
admittance or its components (conductance or susceptance).

Acoustic ohm: The unit of measurement of acoustic impedance or its

components (reactance and resistance).

Acoustico-mechanical model: According to Van Camp, Margolis,
Wilson, Creten, and Shanks (1986), the ear is an “acoustico-mechanical”
system containing acoustical as well as mechanical impedance components.
Together, these elements determine the acoustical impedance of the ear.

Acoustic reflex: The bilateral reflexive contraction of the intra-aural
muscles in response to sound of sufficiently high intensity. The AR also is
termed the acoustic stapedial reflex. It is commonly accepted that the AR in
humans is due mainly, and probably exclusively, to contraction of the
stapedius, rather than the tensor tympani muscle. The tensor tympani
contracts only at extremely intense sounds, around 140 dB SPL, as part of the

startle reflex. Activity of the AR can be inferred from monitored changes in

the acoustic immittance of the ear (Jepsen, 1955 as cited by Moller, 1984,

Lilly, 1964; Metz, 1951; Meller, 1958, 1961a; Terkildsen & Nielsen, 1960).

The change in acoustic immittance of the middle ear as a result of stapedius-
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muscle contraction forms the basis for the ART and AR decay tests (Silman

and Silverman, 1991).

Acoustic reflex adaptation (decay, fatigue, or relaxation): The

decrease in AR magnitude during sustained (several seconds) acoustic
stimulation. The decrease in AR magnitude is attributed to the relaxation of
the middle-ear muscles. The magnitude change is gradual, reaching the
baseline values prior to stimulus onset (Wilson ez al. 1984). During
contralateral acoustic-reflex adaptation (ARA) testing, the activating stimulus
is presented to one ear and the AR magnitude is monitored in the
contralateral ear. During ipsilateral ARA testing, the activating stimulus is
presented to one ear and the AR magnitude is monitored in the same ear.

Acoustic reflex arc: The stapedius-muscle reflex arc comprises three

to four neurons: (1) a primary auditory neuron in the VIII nerve (the afferent
or sensory neuron) which carries impulses from the cochlear hair cells to the
cochlear nucleus; (2) a second-order neuron from the ventral cochlear
nucleus to the medial superior olive; (3) the interneuron from the superior
olivary complex to the ipsilateral and contralateral facial motor nucleus; and
(4) the efferent facial motor neuron to the stapedius muscle. There are

actually four reflex arcs, two ipsilateral and two contralateral (Borg, 1973).
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Acoustic reflex - contralateral (crossed): The AR measured when one

ear receives the activating stimulus and the change in middle-ear impedance

or admittance is monitored in the other ear.

Acoustic reflex growth function (ARGF): The plot of changes in

acoustic immittance with increases in activator intensity.

Acoustic reflex - ipsilateral (uncrossed): The AR measured when the

activating stimulus and the change in middie-ear impedance or admittance is

monitored in the same ear.

Acoustic reflex latency: The time for the first detectable impedance
change resulting from middle-ear muscle contraction following an acoustic

stimulation (Bosatra ef al., 1984).

Acoustic reflex magnitude: The amount of acoustic-immittance

change in mmhos at the tympanic membrane that results from a contraction

of the AR (Silman, 1984).

Acoustic reflex morphology: The characteristics of magnitude, rise

and fall of the AR, and latency.

Acoustic reflex threshold: The lowest activator stimulus intensity

which causes a just-noticeable change in the acoustic immittance of the
middle ear (or its components), resulting from contraction of the stapedius

muscle; this acoustic-immittance change is time-locked with the stimulus.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

Generally, the intensity eliciting an AR response is accepted as threshold
when further increases in the stimulus bring about further changes in the
acoustic immittance.

Activating stimulus: A stimulus of a given SPL, which is delivered

either contralaterally or ipsilaterally into the ear canal, to elicit the AR
BBN activator: A BBN stimulus that is used to elicit the contralateral
or ipsilateral AR

Broad-band noise (BBN): A noise with a wide bandwidth that is

shaped by the frequency response of a transducer.

Fall time: The time in milliseconds required for the tone to fall from 1
dB below the set level to 20 dB below the set level.

Middle-ear transmission: A transfer function that describes the
spectral changes that take place as a sound travels from its source to the
tympanic membrane.

Modified bivariate-plotting procedure: Silman, Gelfand, Piper,

Silverman, and Van Frank (1984) and Silman, Silverman, Showers, and
Gelfand (1984) endeavored to improve the predictive accuracy of the
traditional bivariate-plotting procedure. The hit rate of the traditional
decreases considerably (approaching chance level) when the sample includes
patients with mild and high-frequency sensorineural hearing impairment
(which occurs much more often in adults than children) or persons over 44

years of age. With the modified bivariate procedure, the data from those
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more than 44 years of age are excluded, the line segments are based on the
data points from hearing-impaired as well as normal-hearing ears, and the
line segments are drawn to maximize the hit rate without incurring a large
false-alarm rate. These modifications enhance the predictive accuracy of the
bivariate procedure.

Multiplexing circuit: An acoustic-immittance system circuit whereby

the probe tone is continuously on and the activating signal is pulsed during
AR measurement. While the activating signal is on, the probe microphone is
off so that acoustic immittance changes, which are possibly confounded by
artifacts, are not recorded. While the elicitation signal is off, the probe
microphone is on to record changes in acoustic immittance without the
confounding effects of artifacts. The multiplexing circuit not only minimizes
artifacts, but also allows for higher intensity presentation levels (Sells ez al.
1997).

Probe tone: A tone delivered into the ear canal during acoustic-
admittance measurement, which does not elicit the AR. When impedance (Z)
change is measured, the volume velocity (U) of the probe is kept constant and
Z is derived from the probe-tone sound pressure level (SPL). When
admittance (Y) change is measured, the SPL of the probe tone is kept

constant and Y is derived from U.
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Reversing frequency: The lowest probe-tone frequency at which the
net change in acoustic impedance during acoustic-reflex contraction is a net
decrease in the acoustic impedance because of the substantial decrease in the
resistive component and minimal increase in the reactance component.

Rise time: The time in milliseconds required for the tone to rise from
20 dB below the set level to 1 dB below the set level.

SPAR (sensitivity prediction from the acoustic reflex) procedure:

This approach to the prediction of hearing loss (Jerger et al., 1974) is based
on the assumption that the difference between the tonal ARTs and the BBN
ART decreases linearly as the magnitude of the hearing impairment
increases. The ART data for 500, 1000, and 2000 Hz, and BBN activating
signals are entered into a set of formulas which yield a mean NTD. The
value of the NTD does not attempt to predict the exact amount of hearing loss
in dB; instead, it categorizes hearing as normal, or mild-moderately, severely,
or profoundly impaired.

Stapedius muscle: One of two intratympanic muscles, the other being
the tensor tympani muscle. The stapedius is the smallest muscle in the body.
It is generally accepted that the AR in humans is due mainly, if not
exclusively, to contraction of the stapedius muscle.

Strip-chart: A graphic representation of the acoustic immittance (or its

components) over time.
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Strip-chart recorder: An instrument that produces a graphic

representation of the acoustic impedance (or its components) over time.

Temporal integration: The relationship between duration of the

stimulus presentation and the intensity to elicit a given response. As duration
increases, the intensity required to elicit behavioral threshold will decrease
until a critical duration is reached. The threshold does not change with
duration exceeding the critical duration. The critical duration is termed the

behavioral threshold of temporal integration.

Threshold of temporal integration: The critical duration beyond which
additional increases in time will no longer change the threshold.

Time constant: The time constant of an acoustic-immittance device is
the time it takes the device to track the acoustic-reflex response to full
magnitude. According to Silman and Gelfand (1982) and Lilly (1984) the
instrument requires S time constants to track the acoustic-reflex response to
full magnitude. The first time constant tracks to 63% of the full response, the
second to 86.5% of full response, the third to 95%, the fourth to 98% and the
fifth to 100% of full response.

Tonal activator: A pure-tone stimulus, usually 500, 1000 or 2000 Hz,

that is used to elicit the contralateral or ipsilateral AR.
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Traditional bivariate-plotting procedure: Popelka, Margolis, and

Wiley (1976) and Popelka (1981) attempted to overcome limitations of the
methods of Niemeyer and Sesterhenn (1974) and Jerger ef al. (1974) via this
method. With this technique, the ARTs are used to predict the presence,
rather than the magnitude, of a hearing loss. Two AR variables that increase
concomitantly with hearing loss are plotted as coordinates on a bivariate
graph. To construct the plot, a group of young normal-hearing subjects is
tested and their ART data are plotted on the graph. A vertical line and a
negatively sloped diagonal line are then drawn so that at least 90% of the
normal-hearing subjects’ data are located below and to the left of the lines on
the graph. These line segments on the graph thus form a template for clinical
applications. When a particular patient is tested, the obtained ART values are
plotted on the template. The interpretation of the presence vs. absence of
hearing impairment is based on the location of the plotted point with respect

to the two line segments.
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Chapter 2
Review of the Literature

The review of the literature will be discussed under the following
headings: principles of acoustic immittance; background information on the
acoustic reflex; anatomical and physiological aspects of the middle-ear
muscles, including the reflex arc; methods of measurement of the acoustic
reflex, including instrumentation; developmental aspects of the acoustic
reflex; age-related effects on the auditory system in general, and on the
neuroanatomy and physiology of the acoustic reflex, specifically; and
temporal integration of the acoustic reflex.

Principles of Acoustic Immittance’

The concept of impedance is used with mechanical, electrical and
acoustic systems. The definition in each case is particular to the discipline.
Mechanical impedance is defined as the ratio between an applied force and
the resultant velocity with which the system moves. Electrical impedance is
defined as the ratio of the applied voltage to the current flow, In an acoustic
system, the definition relates the applied sound pressure to the volume
velocity. Volume velocity is defined as the volume (cm’®) of the sound-
conducting medium that flows in a given area in a given amount of time

(in s).

! Figures were taken, with permission of the authors, from Chapter 3 of S Silman and CA
Silverman (1991). Auditory Diagnosis: Principles and Applications. San Diego: Singular
Publishing.
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Impedance (Z) = force/velocity. There are three components to
impedance. The opposition offered by mass is termed mass reactance
(+ Xm). The “+” indicates that the force attains a maximum value prior to the
velocity achieving a maximum value when an alternating force is applied to
an object with mass (i.e., the force leads the velocity by 90°). The impedance
offered by a spring is called stiffness reactance (- Xs). The “-” indicates that,
in this case, the force attains a maximum value after the velocity achieves a
maximum value when an alternating force is applied to a spring or to an
object with stiffness (i.e., the force lags the velocity by 90°). The opposition
that results from friction is called resistance (R). For each component, mass
reactance, stiffness reactance, and resistance, the impedance is equal to the
force divided by the velocity.

If an alternating force is applied to a system containing several masses
in series, then the total impedance of this system is the arithmetic sum of the
mass reactance of each of the mass components. A simple sum can be
obtained since the relation between force and velocity is the same for each of
the reactance components (i.e., force leads velocity by 90°). If a system
consists of an alternating force applied to several springs in series, then the
total impedance of the system is the sum of the stiffness reactance offered by
each spring. Again, a simple sum can be obtained because the relation
between force and velocity is the same for each of the stiffness reactance

components (i.e., velocity leads force by 90°). If an alternating force is
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applied to several frictional surfaces in series, then the total impedance of this
system is the arithmetic sum of the resistance offered by each frictional
surface. Once again, a simple sum can be obtained because the relation
between force and velocity is the same for each of the resistance components
(i.e, velocity is in phase with the force). We can say, then, that when a
system consists of components that are of the same type and are in series, the
total impedance is the sum of the individual impedance.

However, if a system incorporates all three types of impedance, as is
usually the case, total impedance cannot be the simple sum of the individual
impedance components, since the relation between force and velocity is
different for each of the elements in this complex system. Therefore, a vector
system (see Figure 1) is necessary in order to obtain the sum of the

impedance elements.

‘XM

b
+30
F R
jgo
r

-Xg

Figure 1. A vectorial representation of the impedance components. + Xy is
the mass reactance, - Xs is the stiffness reactance, R is the resistance, and F is
the applied alternating force.
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In the above figure, resistance (R) is represented as a vector that
begins at the origin and projects to the right; this placement indicates that for
this component, the velocity is in phase with the force. Mass reactance
(+ Xw) is represented as a vector beginning at the origin and projecting
upward along the positive ordinate; this placement represents the fact that, in
the case of this component, the velocity leads the velocity by 90°. Stiffness
reactance (- Xs) is represented as a vector beginning at the origin and
projecting downward, along the negative ordinate representing the fact that in
the case of this element, the velocity leads the force by 90°. Note that the
mass reactance (+ Xy) and the stiffness reactance (- Xs) are 180° out-of-
phase. The total reactance (Xr) is the difference in the magnitudes of the (+
Xap) and (- Xs) vectors and projects in the direction of the longer reactance
vector. If the system has more stiffness than mass reactance, the net
reactance, (Xr), will be negative. If the system has more mass than stiffness

reactance, the net reactance, (X1) will be positive.

X, Z

Figure 2. The vectors for the total impedance (Z), resistance, (R) and the net
reactance (-Xt1). The phase angle (8 ) is also shown in the figure.

The resultant impedance is the vector sum of the resistance and net
reactance. The magnitude of the impedance vector (the diagonal line in

Figure 2) can be calculated using the Pythagorean theorem. According to this
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theorem, the hypotenuse squared equals the sum of the squares of the other

two sides of a right triangle. Thus,

Z-R o+ X7

and

Z =R+ X}
The magnitude of the resulting vector is |Z|, which is the magnitude

of the impedance without consideration of sign or phase. Sign and phase are

given by the phase angle 8, which is calculated using the formula

cos€=%
sin =1/

“The phase angle represents the temporal relationship between the

or

velocity response of a complex system and the sinusoidally applied force”

(Margolis, 1981, p. 126).

The mechanical impedance of a system also varies as the frequency of
the applied force varies. The relation between mechanical stiffness

reactance, stiffness, and frequency is illustrated by the formula

X, =5/2x f)
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where § is stiffness and fis frequency. According to this formula, the stiffer
the spring, the larger the mechanical stiffness reactance; the higher the
frequency, the smaller the siiffness reactance. Therefore, the stiffness
reactance can be increased by increasing the stiffness or by decreasing the
frequency; it can be decreased by decreasing the stiffness or by increasing the
frequency.

The mass reactance also changes with frequency. The relations
among mechanical mass reactance, mass, and frequency are illustrated in the

formula

+X,, =2xr M
According to this formula, the mass reactance increases as the mass or
frequency increases; it decreases as the mass or frequency decreases. Since
mechanical mass reactance decreases whereas mechanical stiffness reactance
increases as frequency decreases, and vice versa, there is a frequency at
which the stiffness and mass reactance are equal. At this frequency, there is
no mass or stiffness reactance. This frequency is known as the resonance

frequency, which can be calculated with the formula

S, =Q()2z)S/ M)
where £, is the resonant frequency, S is stiffness, and M is mass. If there is no
mass reactance at one frequency, one cannot conclude there is no mass

reactance in the system; it may be present at other frequencies. Resistance,
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unlike mass or stiffness reactance, does not change with frequency (i.e.,

resistance is independent of frequency).

Acoustic Impedance

There are three types of elements that offer impedance. Ina
mechanical system, these are mass, spring and friction. Analogous quantities
exist in acoustics. According to Van Camp, Margolis, Wilson, Creten, and
Shanks (1986), the ear is an “acoustico-mechanical” system that contains
acoustical as well as mechanical impedance components. Together these
elements determine the acoustical impedance of the ear. Figure 3 illustrates

the mechanoacoustic model of the middle ear.

Figure 3. Mechanoacoustical model of the ear, containing masses, springs,
and friction elements as mechanical elements, together with open and closed

air-filled volumes as acoustical elements.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

Mechanical mass components include the pars flaccida (Shrapnell’s
membrane) of the tympanic membrane, the ossicles and the perilymph of the
cochlea. The mechanical spring components include the pars tensa of the
tympanic membrane, and the associated ligaments and tendons. Elements of
mechanical friction include the friction of the tympanic membrane, tendons
and ligaments. The acoustic mass components are the air particles in the
mastoid (resembling a tube that is open at both ends). Acoustic spring
components include the air enclosed in the outer-ear canal, and in the middle
ear (resembling air in a tube that is closed at both ends). The acoustic friction
component is the air viscosity. The mechanoacoustic impedance of the
middle ear is generally termed the acoustic impedance (Z,) of the middle ear.
The total acoustic impedance (Z,) consists of acoustic mass reactance (+X.),
which is the acoustico-mechanical mass; acoustic stiffness reactance (-X,),
which is the acoustico-mechanical stiffness reactance; and acoustic resistance
(R;) which is the acoustico-mechanical resistance.

For impedance measurement in an acoustic system, sound pressure
(expressed in dynes/cm?) is applied and the resultant volume velocity
(expressed in cm’) is measured. Volume velocity is defined as the volume
(cm®) of the sound-conducting medium that flows in a given area in a given

amount of time (in s). The acoustic impedance, therefore, can be expressed as
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Z,=PlU
where P is the sound pressure (in dynes/cm?), U is the volume velocity (in

3 - - . . -
cm’), and Z, is acoustic impedance in acoustic ohms.

Mechanical Admittance

The ability of a system to transfer energy can be expressed either in
terms of its rejection of energy, or in terms of its acceptance of energy. If
you express energy transfer in terms of acceptance, we then apply the term
admittance, rather than impedance. Mechanical admittance is the reciprocal

of mechanical impedance. It can therefore be calculated using the formula

Y=V/|F
where Y is mechanical admittance, ¥ is velocity, and F is force. The unit of
admittance is mho. Just as there are three components of impedance, there
are three components of admittance. The ease with which energy flows into
a mass is called mass susceptance (-By). The ease with which energy flows
into a spring or an object having stiffness is termed stiffness susceptance
(+Bs). The ease with which energy flows into friction is termed conductance
(G). The (G) is placed along the abscissa for the admittance vectors, as was
the case for the impedance vectors. The relations among the admittance
vectors are as follows: conductance is plotted along the abscissa, stiffness

susceptance is plotted on the positive rather than on the negative ordinate,
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and the mass susceptance is plotted on the negative, rather than the positive

ordinate. Using the Pythagorean theorem, the admittance vector is

Y* =B} +G*
The relations among stiffress susceptance, mass, and frequency are

given by the formulas

+Bs :(2#/5)

and

- B, =1/(2nM)

According to the formulas, we see that stiffness susceptance increases
as the frequency increases or as the stiffness decreases; it decreases as the
frequency decreases or as the stiffness increases. The mass susceptance
increases as the frequency or mass decreases; it decreases as the frequency or
mass increases.

Acoustic Admittance

Acoustic admittance is defined as the ease with which acoustic energy
passes through a system. It is mathematically expressed as the ratio of
volume velocity to sound pressure (¥, = U/P). The unit of acoustic
admittance is mho. Admittance components include acoustic stiffness

susceptance (+B,), acoustic mass susceptance (-B,), and acoustic conductance
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(G.). Total admittance can be calculated from the formula

7} =Bl +G?

Rectangular versus Polar Notation

The acoustic admittance or impedance of a system is expressed using
rectangular or polar notation. In rectangular notation, one value is given to
the acoustic conductance or resistance and one value to the net acoustic
susceptance or reactance component. For example, acoustic impedance can
be written, using rectangular notation, as Z, = 2000 - j1000. The 5" is
taken from the notation used to represent complex numbers and represents

v—1. In practical terms, according to Margolis (1981) “the j serves as a
reminder that R and X cannot be combined by simple addition due to the 90°
phase difference between them” (p. 127). In polar notation, such as ¥, = 0.6

<+30° the impedance or admittance of the system is represented by the

magnitude of the impedance |Z] or admittance |¥1, and one number represents
the phase angle, & (in degrees) of the impedance or admittance vector.
Anatomical and Physiological Aspects of the Middle-Ear Muscles
Acoustic stimulation presented either monaurally or binaurally at
sufficiently intense levels will elicit a bilateral contraction of the stapedius
muscle in the middle ear. This reflex contraction is also termed the acoustic
stapedial reflex (Djupesland, 1980). The presence and properties of the

acoustic reflex are dependent upon the anatomy and physiology of the
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middle-ear system, the cochlea, the acoustic and facial nerves, and the
pathways of the brainstem.

It has long been known that there exist two middle-ear muscles - the
stapedius, accurately described for the first time by Varolius in 1591, and the
tensor tympani, first described by Eustachius in 1564. The facial nerve
(N VII) innervates the stapedius muscle and the trigeminal nerve (N V)

innervates the tensor tympani (Politzer, 1861 as cited by Moller, 1984).

Early research on the anatomy of the middle-ear muscles was conducted on

animals by Kato in 1913, Lorente de N6 in 1935, and by Wersill in 1958.

The results of this early research showed that in the cat and rabbit, both the
tensor tympani and stapedius muscles contract in response to sound as an
acoustic reflex. However, at levels below 140 dB SPL, the human acoustic
reflex is due mainly, and probably exclusively, to contraction of the stapedius
muscle (the smallest muscle in the human organism), rather than to
contraction of both the stapedius and tensor tympani muscles (Jepsen, 1963;
Saloman & Starr, 1963). The tensor tympani contracts only at extremely
intense sounds, around 140 dB SPL, as part of the startle reflex (Djupesland,
1964); such a level is beyond the output limits of conventional acoustic-
immittance devices.

The stapedius muscle is wholly encased within the pyramidal

eminence on the posterior wall of the tympanic cavity, (Jepsen, 1963) and
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originates from the walls of its own canal. Its tendon exits through the apex
of the pyramid and courses horizontally to insert on the posterior aspect of
the neck of the stapes. Upon contraction, the stapes is pulled in a downward
and outward direction, stiffens the ossicular chain and, generally, causes
outward movement of the tympanic membrane (Feldman, 1975).
Neurological Aspects of the Acoustic Reflex Arc

Although the anatomy of the middle-ear muscles has been established
for some time, the neural organization of the AR arc is not yet completely
known. The available information is based primarily upon studies by Borg
(1973); Rasmussen (1946) and others. The AR center is located in the
superior olivary complex of the brainstem. The AR arc comprises three to
four neurons: (a) a primary auditory neuron in the VIIIth cranial nerve (the
afferent or sensory neuron), which carries impulses from the cochlear hair
cells to the cochlear nucleus; (b) a second-order neuron from the ventral
cochlear nucleus to the medial superior olive; (c) the interneuron from the
superior olivary complex to the ipsilateral and contralateral facial motor
nucleus; and (d) the efferent facial motor neuron to the stapedius muscle.

There are actually four AR arcs, two ipsilateral and two contralateral
(Borg, 1973). One ipsilateral AR arc consists of the following neurons: (a)
the primary auditory neuron of the eighth cranial nerve (the afferent or
sensory neuron) from the haircells of the cochlea to the ventral cochlear

nuclei; (b) the second-order neuron from the ventral cochlear nuclei through
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the trapezoid body to the ipsilateral facial-nerve nuclei; and (c) the third-
order neuron (the facial nerve) from the ipsilateral facial-nerve nuclei to the
ipsilateral stapedius muscle. The other ipsilateral AR arc consists of (a) the
primary auditory neuron of the eighth cranial nerve to the ipsilateral ventral
cochlear nuclei; (b) the second-order neuron from the ipsilateral ventral
cochlear nuclei to the ipsilateral superior olivary complex; (c) the third-order
neuron from the ipsilateral superior olivary complex to the ipsilateral facial-
nerve nuclei; and (d) the fourth-order neuron from the ipsilateral facial-nerve
nuclei to the ipsilateral stapedius muscle.

One contralateral AR arc consists of (a) the first-order neuron
(primary auditory neuron of the eighth cranial nerve) to the ipsilateral ventral
cochlear nuclei; (b) the second-order neuron from the ipsilateral ventral
cochlear nuclei to the ipsilateral superior olivary complex; (c) the third-order
neuron from the ipsilateral superior olivary complex to the contralateral
facial-nerve nuclei; and (d) the fourth-order neuron from the contralateral
facial-nerve nuclei to the contralateral stapedius muscle. The other
contralateral AR arc is comprised of (a) the first-order neuron from the hair
cells of the cochlea to the ipsilateral ventral cochlear nuclei; (b) the second-
order neuron from the ipsilateral ventral cochlear nuclei to the contralateral
superior olivary complex; (c) the third-order neuron from the contralateral

superior olivary complex to the contralateral facial-nerve nuclei; and (d) the
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fourth-order neuron from the contralateral facial-nerve nuclei to the
contralateral stapedius muscle.

In addition to the direct pathways for the AR, Borg (1973) and
Courville (1966) found evidence suggesting the existence of numerous
indirect pathways involving multi-synaptic chains in the lateral zone of the

reticular formation. The indirect pathways are slower and more sensitive to

barbiturates (Borg, 1973; Borg & Moller, 1975), the degree of wakefulness,

and the integrity of other parts of the central nervous system (Baust &

Berlucchi, 1964 and Salomon, 1966, as cited by Meller, 1984) than the direct

pathways.
Methods of Recording of the Acoustic Reflex

The contraction of the middle-ear stapedius muscle, which stiffens the
ossicular chain of the middle ear, elicits an acoustic-impedance change.
Resultantly, the tympanic membrane becomes less mobile, as evidenced by a
change in the acoustic impedance of the ear. Although several methods have
been used to record and measure middle-ear muscle contraction in humans
(and in animals), none is as convenient as acoustic impedance/admittance

approach. Acoustic impedance is noninvasive, and does not influence the

function of the middle ear or that of the middle-ear muscles (Moller, 1984).

Methods other than those based on recording changes in the acoustic

impedance of the ear have been used to examine the contraction of the
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middle-ear muscles. Two of these methods, which involve direct

measurement of the tension of the muscles (Lorente de No, 1935; Wersill,

1958) and recording of the electrical activity, electromyography of the
muscles (Eliasson & Gisselsson, 1955), have been used in animal
experiments. Electromyography also has been used, under special
circumstances, to study the contraction of human middle-ear muscles (Borg
& Zakrisson, 1975). A third method used to study middle-ear muscle
contraction is based upon the fact that contraction of the stapedius muscle
alters the transmission properties of the middle ear. In this method, the

cochlear-microphonic potential is recorded near or on the round window

(Galambos & Ruper, 1959; Price, 1963). Mailler (1964) reported a fourth

method of measurement, that of recording the change in air pressure in the
ear canal resulting from tympanic membrane displacement. This method also
is noninvasive, and has been used both with animals and humans.

The method based on acoustic impedance/admittance is certainly the
most widely used and convenient method for recording middle-ear muscle
contraction. Currently available acoustic-immittance devices essentially are
constructed on the basis of the acoustic-impedance or acoustic-admittance
formula. Instruments constructed on the basis of the acoustic-impedance

formula are called acoustic-impedance meters. Devices constructed on the
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basis of the acoustic-admittance formula are called acoustic-admittance
meters.

The acoustic-impedance meter has a probe assembly, which is
inserted into the outer ear canal. The probe assembly contains a loudspeaker
(the driver) which introduces a constant volume velocity in the ear canal by
applying voltage from a source in the acoustic-impedance meter to the
diaphragm of the driver. When the voltage is applied to the diaphragm, the
air molecules in the ear canal are set in motion (the volume velocity). In
addition to the loudspeaker, the probe assembly also contains a microphone
that transduces the sound pressure resulting from the volume velocity into
electrical voltage; the electrical voltage is read in acoustic ohms.

There are some disadvantages inherent in the acoustic-impedance
meter. Some can be offset, and others cannot. For example, acoustic
impedance at the probe tip is affected by ear-canal volume, since sound
pressure and volume are inversely related. To avoid the effect of ear-canal
volume on sound pressure and thus on the acoustic impedance at the probe,
acoustic-immittance devices which measure acoustic impedance incorporate
additional methods for keeping sound pressure constant at the probe. A
balance meter in the instrument functions to maintain sound pressure at a
predetermined level.

Another disadvantage of the impedance meter (one that cannot be

offset) is that the amplitude of the tympanogram produced by such a device

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

cannot be expressed in physical units, such as acoustic ohms, because of
nonlinearity in the impedance change during the ear-canal air-pressure
change. The amplitude of the tympanogram is therefore expressed in
arbitrary units for these instruments. Because arbitrary units are used, such
devices are called relative acoustic-impedance meters.

When an acoustic-admittance meter is used, the acoustic admittance is
derived from the volume velocity rather than from the sound pressure as is
done for acoustic-impedance instruments. The pressure (P) is kept constant,
so Y, is directly proportional to volume velocity (I)). An alternating voltage
is applied to the loudspeaker and to a rectifier filter that rectifies the voltage,
which is displayed as Y, at the probe tip.

The effect of ear-canal volume on sound-pressure level in the ear
canal is kept constant by a circuit that constantly adjusts the driver voltage
depending on the voltage at the microphone. Acoustic-admittance meters do
not have the drawback of nonlinearity in acoustic-admittance changes with
ear-canal air-pressure changes in tympanometry because the acoustic
admittance is calculated from the volume velocity rather than from the sound
pressure.

Methods for Monitoring the Acoustic Reflex

Various methods have been used for monitoring the AR. Some

outputs supply a permanent record (chart recordings, averaged response

tracings, taped record). Permanent records enable retrospective analysis of
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the responses. When outputs do not supply a permanent record, instruments
(analog or digital meter, oscilloscope, “reflex indicator” light) monitor the
responses at the time of testing. Event markers can be used when recording
the AR responses to indicate the temporal relation between the stimulus and
response.

In most clinical studies, the acoustic-immittance change has been
monitored visually by observing needle deflection on the sensitivity scale,
and 5-dB intensity increments have been used (Beattie & Leamy, 1975;
Forquer, 1979; Gelfand, Piper, & Silman, 1983; Jerger, Anthony, Jerger, &
Mauldin, 1974; Jerger, Harford, Clemis, & Alford, 1974; Jerger, Jerger,
Mauldin, & Segal, 1974; Keith, 1977; Niemeyer & Sesterhenn, 1974; Ruth &
Niswander, 1976). The use of 5-dB increments was largely an outgrowth of
the traditional audiometric increment. On the other hand, the majority of
laboratory studies have used a strip-chart recording of the AR responses
(Handler & Margolis, 1977; Jakimetz, Silman, Miller, & Silverman, 1989;

Margolis & Popelka, 1975b; Peterson & Lidén, 1972; Popelka, Margolis, &

Wiley, 1976; Ritter, Johnson, & Northern, 1979; Silman, 1979; Silman &
Gelfand, 1979; Silman, Popelka, & Gelfand, 1978; Silverman, Silman, &
Milier, 1983; Thompson, Sills, Recke, & Bui, 1980). The activator run is
either increased from below the expected ART or decreased from above,
usually in 1- or 2-dB increments. Stimulus events are indicated by an event

marker on the recording of acoustic-immittance changes. The ART is
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generally accepted as the lowest activator level that results in an observable
acoustic-immittance change. A response is usually considered as such when
its pattern is distinguishable from background noise, and is determined to be
acceptable if it is repeated over three trials (Silman, Popelka, & Gelfand,

1978).

Both ascending and descending methods have been used to measure
the ART. Though early findings (Jepsen, 1963) suggested that descending

runs might occasionally result in lower ARTs than ascending stimuli, several

later studies (Lilly & Franzen, 1970; Peterson & Lidén, 1972; Wilson, 1979)

showed no significant differences between ascending and descending ARTs.
In fact, there is striking agreement among the data generated by various

researchers irrespective of the direction of the activator run.

The recorder output of the acoustic-immittance change may be
directed to a computer so the digitized record of AR responses can later be
transformed to hard-copy output or analyzed in terms of statistically
significant deviations from the baseline acoustic immittance (Block &
Wightman, 1977; Wilson, 1979, 1981; Wilson, Shanks, & Velde, 1981).
When computer-monitored acoustic-immittance changes are employed, the
ART is usually taken as the lowest activator necessary to yield a particular

criterion value, such as 0.01-mmho change from the baseline.
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Other techniques for monitoring the output of the acoustic-immittance
device include visual detection of the change on an oscilloscope (i.e., voltage
change from the baseline) (Djupesland & Zwislocki, 1971; Kaplan, Gilman
& Dirks, 1977; Margolis & Popelka, 1975a; Robinette, Rhoads & Marion,
1974; Woodford, Henderson, Hamemick & Feldman, 1977), and computer-
averaged responses (Cacace, Margolis & Relkin, 1991; Jerger, Mauldin &
Lewis, 1977; Johnsen & Terkildsen, 1980; Stach & Jerger, 1984; Terkildsen,
Osterhammel & Bretlau, 1973; Zito & Roberto, 1980). Stach and Jerger
(1984) describe an approach to AR measurement based on a signal averaging
technique designed to examine both threshold and suprathreshold
characteristics of the AR.

Middle-Ear Transmission during AR Contraction

Contraction of the stapedius muscle adds stiffness to the middle ear
thereby impeding the motion of the ossicles. In addition, contraction of the

stapedius muscle may reduce sound transmission by decoupling the incus

from the stapes (Moller, 1984). The effect of contraction of the middle-ear

muscles on the transmission of sound through the middle ear has been studied
in animals by several researchers, among them Price (1963, 1966) and Wever
and Bray (1937, 1942), and in human subjects (Borg, 1968; Reger, 1960;
Smith, 1943; Ward, 1961; Zakrisson, 1975).

The results of several studies in humans show that the effect of

contraction of the middle-ear muscles on sound transmission increases with
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the intensity of the sound that activates the reflex (Borg, 1968). The effectis
largest at low frequencies (500 Hz) and smallest at 1450 Hz. These results
were obtained on patients with unilateral facial paralysis involving the
stapedius muscle. Results also demonstrated that at 500 Hz, contraction of
the stapedius muscle reduces the transmission of sound through the middle
ear by 0.6 to 0.7 dB for each 1 dB that the stimulus tone is increased.
Developmental Aspects of the Acoustic Reflex

Several studies have reported a high percentage of absent contralateral
ARs for the 220-Hz probe tone in neonates (Sprague, Wiley, & Goldstein,
1985; McMillan, Bennett, Marchant, & Shurin 1985; Bennett, 1975; Keith,
1973; Keith & Bench, 1978; Stream, Stream, Walker, & Breningstall, 1978).
When the contralateral ARs are present in neonates, for the 220-Hz probe,
they are generally present at elevated levels (Abahazi & Greenberg, 1977,
Himmelfarb, Shanon, Popelka, & Margolis, 1978). The neonatal AR is
essentially impossible to measure using a 226-Hz probe-tone frequency. The
aforementioned researchers note an increasing percentage of detectable ARs
with increases in probe-tone frequency. By 800 Hz, the ARs of neonates are
present in close to the same proportion as those of the adult population.
Weatherby and Bennett (1980), and McMillan er a/. (1985) point out that the
detection threshold for the newborn’s AR varies with probe tone, as does the
adult’s threshold. The proportion of neonates with ARs, using high-frequency

probe tones, is higher for the BBN than tonal activating signal.
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Examination of adult versus neonate static-acoustic impedance data
can perhaps explain why the differences between the adult and the newbomn
ARs exist. The generally high newborn acoustic impedance is related to the
dimensions of the system at time of birth. There is a marked dip in acoustic
impedance for the newborn into a resonance trough at approximately 200 Hz,
possibly related to the properties of the tympanic membrane very early in life
(Weatherby & Bennett, 1980). At low frequencies, the reduced acoustic
impedance of the eardrum effectively shunts the higher acoustic impedance
of the middle ear, and we cannot measure the small acoustic impedance
changes caused by the AR; high acoustic impedance cannot be measured
through a low acoustic-impedance medium.

According to the models presented by Bennett and Weatherby (1979,
1982) and Weatherby and Bennett (1980), the effects of probe-tone frequency
and maturation are observed on the AR. The |Z| of young adult ears
generally increases from 220 to 700 Hz, and decreases from 700 to 1600 Hz.
The newborn AR patterns over the probe-frequency range are similar, but the
frequencies at which the patterns are present are displaced to a much higher
frequency range. For example, the adult reversing frequency is 665 Hz; that
for the newborn is 1200 Hz. This phenomenon is a reflection of the disparate
characteristics of the ear canal and middle-ear structures of the neonate
versus adult. The implication here is apparent. A 220-700 Hz probe tone is

appropriate for an adult whereas use of a higher probe-tone frequency, i.e.,
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800-1200 Hz for the neonate ear, will allow us to obtain ARs at levels
comparable to those of an adult (Bennett and Weatherby, 1982).
Age-Related Changes on the Auditory System

Aging is associated with anatomical and physiological changes
throughout all sensory systems in the body; there is abundant substantiation
of these changes. For example, in the visual system alone, there are changes
in absolute threshold, visual acuity, accommodation (ability of the eye to
discriminate detail), visual dark adaptation, and so forth (Corso, 1971).
Numerous studies have documented senescent changes in auditory structure
and function at all levels, from the conductive mechanism to the cortex. A
loss of stiffness in the cartilaginous portion of the external auditory meatus
becomes a problem when an earphone is placed on the pinna. Arthritic
middle ear joints (e.g., incudo-malleolar and incudo-stapedial joints) become
more common with increasing age (Colletti, Fiorino, Bruni, & Biasi, 1997,
Etholm & Belal, 1974; Harty, 1953; Schow, Christensen, Hutchinson, &
Nerbonne, 1978) but appear to have no effect on hearing sensitivity (Colletti,
et al., 1997; Etholm & Belal, 1974). The hearing problems in older listeners
are caused by changes in the cochlea, eighth nerve, central auditory nervous
system, or central nervous system in general (Marshall, 1981).

Studies have described changes of the cochlear nerve with aging
(Schow et al., 1978). Schuknecht (1955, 1964) characterized four different

types of age-related sensorineural hearing loss, known as presbycusis,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

(sensory, metabolic or strial, mechanical or cochlear conductive, and neural)
and related etiology to audiometric configuration. Sensory presbycusis
(deterioration of basal hair cells and supporting structures) is distinguished by
an abrupt high frequency loss; metabolic presbycusis (atrophy of the stria
vascularis) is indicated by a flat audiometric pattern; mechanical presbycusis
(diminution in the function of cochlear mechanics) is associated with a
gradually sloping high frequency loss ( the configuration seen in most
normative data), and neural presbycusis (reduction in the number of viable
neurons) is considered the culprit when speech recognition ability is poorer
than expected based upon the audiogram. Kirikae, Sato, and Shitara (1964)
found atrophy of neural structures in the ventral cochlear nuclei, the superior
olivary complex, and more central nuclei throughout the auditory nervous
system, including the cortex. Given the known neurophysiological changes
that coexist with aging, one would also expect auditory acuity to diminish in
the older population.

Presbycusis is prevalent among the older population. The most
commonly occurring audiometric configuration is that which progresses
gradually for the high frequencies and increases with advancing age.
Presbycusic subjects tend to be heterogeneous in their performance on
various audiologic measures. Their heterogeneous performance probably
reflects such factors as (a) methodological problems in past research, (b)

disagreement about the definition of presbycusis, and (c) difficulty in
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separating hearing losses caused by aging from those caused by other factors,
such as noise and disease (Marshall, 1981).

In Corso’s (1963a,b) classic work, the pure-tone threshold data were
based on a large sample (912 subjects) and the subjects were exposed to
minimum levels of industrial noise. The data are stratified by age (18 to 24
years; 26-32 years; 34-40 years; 43-49 years; 51-57 years; and 59 to 65 years)
and gender. The youngest age group demonstrated the best hearing
sensitivity. The mean threshold values for the various age groups were
compared to the 18-to-24-year-old baseline. Two major points emerged
from the analysis of the data:

1. The frequency that showed the maximal age effect was 4000 Hz

for men and 6000-8000 Hz for women.

2. The decline in hearing occurs in distinctive stages. From 26 to 40
years (mean age of 33.5 years), there is relatively little change in
the hearing sensitivity of men; then there is a marked drop in
sensitivity but no further pronounced changes from 43 to 57 years
(mean age of 50.5 years). This is followed by a second major
drop in the between 59 and 65 years (mean age of 62.5 years).

[t appears, therefore, that marked changes in the hearing of men occur on
average in steps of about 15 years. Overall, the patterns are similar for

women, except for the absence of the discrete changes that were seen in the
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data for men. For women, the rate of deterioration of hearing is fairly
uniform as a function of age.

Age-Related Changes on the AR Parameters

Tonal stimuli
Several classic studies showed that normal ARTSs occur at

approximately 85-100 dB SPL for tonal activators (Deutsch, 1972; Jepsen,

1963; Metz, 1946, 1952; Moller, 1961, 1962; and others). Past studies that

examined the systematic relation between aging and the ART yielded
disparate results, even within the same investigator. Two early clinical
studies suggested possible aging effects on the ARTs. For example, Jepsen
(1963) investigated tonal ARTs using subjects age range 10 to 80 years. He
found that while the threshold of hearing increased with age (presbycusis) the
ART decreased. It was, however, problematic that Jepsen expressed the ART
in sensation level (SL). The expression of ARTs in dB SL re: HL is
misleading in that the SL criterion ignores the relation between hearing level
and ART. When the ART data are expressed in dB SPL, the age effect
becomes negligible.

Jerger, Hayes, Anthony, and Mauldin (1978) retrospectively analyzed
clinical ART findings on 214 normal-hearing subjects (defined as auditory
thresholds < 20 dB HL through 4000 Hz) across six decades (age 0 — 59

years). The authors found that ARTs for frequencies below 4000 Hz
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systematically decreased with age. This decrease with age, which was
approximately 7 dB, was observed for tonal activators (except at 4000 Hz)
but not for the BBN activator. For the BBN activator, the average ARTs
tended to remain stable (+ 2 dB) across all decades. These conclusions by
Jerger et al. (1978) directly contradicted the findings on the ARTs from an
earlier study by Jerger, Jerger, and Mauldin (1972), in which no changes in
the ARTs for tonal stimuli as a function of age were observed.

To date, all laboratory ART studies have failed to show decreasing
tonal ARTs (500 Hz, 1000 Hz, and 2000 Hz) as a function of age
(Osterhammel & Osterhammel, 1979; Silman, 1979; Thomas, Sills, Recke, &
Bui, 1980; Gelfand & Piper, 1981b; Handler & Margolis, 1977; Silverman,
1982; Silverman ez al., 1983; Wilson, 1981). For example, Silman (1979)
investigated age-related effects on the ARTs in a group of 20 young normal-
hearing adults (age 21- 36) and 20 older normal-hearing adults (age 60-79).
In this study, normal-hearing sensitivity was defined as pure-tone thresholds
less than or equal to 20 dB HL at frequencies between 500 and 4000 Hz.
Silman found that the mean ARTs for the tonal activators, expressed in dB
SPL, did not differ significantly between the two groups. His results are in
close agreement with previously published data by Margolis and Popelka
(1975), Margolis and Fox (1977), and Popelka et al. (1976).

Gelfand and Piper (1981) replicated Silman’s (1979) study, but

modified criteria for subject selection to extend normal-hearing sensitivity to
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8000 Hz. These authors also found no statistically significant difference in
the tonal ART's (500-Hz, 1000-Hz, and 2000-Hz activators) between the two
groups.

There is a consensus among the majority of studies, especially those
conducted under laboratory conditions, that age does not affect the ART for
500 Hz, 1000 Hz and 2000 Hz tonal activators. Methodological differences,
such as the use of 5-dB versus 2-dB activator increments and visual
monitoring methods versus graphic display techniques, may explain the
discrepancy between the early findings by Jerger ef al. (1978) and those by
Silman (1979), Thompson et al. (1980) and Gelfand and Piper (1981).

BBN stimuli

Several classic studies demonstrated that the ARTs for wide-band
stimuli occur at levels approximately 20 dB lower than those for tonal
activators in young, normal-hearing subjects (Deutsch, 1972; Djupesland,
Flottorp, & Winther, 1967; Jepsen, 1963; Klockhoff, 1961; Margolis &

Popelka, 1975; Metz, 1946, 1952; Moller, 1961, 1962; Peterson & Lidén,

1972). The difference in ART between tonal and BBN stimuli, or NTD, has
been associated with a critical-band phenomenon (Flottorp, Djupesland &
Winther, 1971). The NTD is reduced in persons with sensorineural hearing
loss, essentially because of an elevated ART for the BBN signal. The

reduced NTD difference in hearing-impaired subjects has been related to an
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abnormally wide critical bandwidth that can occur with cochlear involvement
(Jerger et al., 1974).

Handler and Margclis (1977) demonstrated an elevated BBN ART,
which results in a reduced NTD, in elderly subjects. Subsequently, other
researchers (Silman, 1979; Gelfand & Piper, 1981; and Wilson, 1981)
reported comparable findings. For example, Silman (1979) reported an
approximately 20-dB NTD for his younger subjects, whereas his older
subjects demonstrated an approximately 10-dB NTD. One should note that
activator step-size as well as the manner in which the AR is monitored will
affect BBN ARTs across studies (Gelfand, 1984). The expected 20-dB NTD
is found only in those studies that employ high-resolution techniques. The
results of research based on a more clinical approach (i.e., 5-dB steps and
visual monitoring) reveal smaller NTDs. Silverman (1982) demonstrated that
a more clinical methodology may obscure the finding of an age effect on the
BBN ART.

Gelfand and Piper (1981) closely matched the auditory thresholds of
young and older adult subjects. The results of their study were in strong
agreement with Silman (1979). The mean BBN ART was 76.2 dB SPL (S.D.
= 6.5 dB SPL) for the younger group and 84.2 dB SPL (S.D. =7.9 dB SPL)
for the older group; this represented an 8-dB difference between the groups.
The results of a later study by Wilson (1981) corroborated the reduced NTD

in older subjects.
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We can conclude, then, that there is an age effect on the BBN ART
even in normal-hearing individuals. Silman (1979) posited the following
explanation for the elevated BBN ART in older subjects. He postulated that
when diffuse, mild deterioration of the outer-hair cells occurs, the effect on
ART parallels that found in subjects with mild sensorineural hearing loss
(SNHL). That is, in subjects with mild SNHL, the BBN ART is elevated
because of the widening of the critical band. Although the tonal ART
remains stable with magnitude of hearing impairment up to approximately
50-55 dB HL, the tonal ART increases as the magnitude of the hearing loss
increases beyond 50-50 dB HL (Gelfand, Piper, & Silman, 1983; Keith,
1979; Popelka, 1981; Silman & Gelfand, 1979). Silman (1979) theorized that
the elevated BBN ART may reflect age-related sensory-cell degeneration that
is not great enough to cause a pure-tone hearing loss. This explanation is
consistent with findings that outer hair-cell loss is associated with aging
(Bredberg, 1968) and that outer hair-cell loss does not necessarily lead to
clinical hearing loss (Lipscomb, Axelsson, Vertes, Roettger, & Carroll,
1979).

Silverman, Silman, and Miller (1983) further hypothesized that
complex signals such as BBN may detect mild slight diffuse disorders
associated with aging earlier than simple signals like pure tones. They also
suggested that aging causes deterioration of the BBN ART and degraded

speech-recognition ability before deterioration of the tonal ARTs and the
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hearing sensitivity for pure tones. Their finding that the age effect on the
BBN ART becomes apparent in the fifth decade of life has a parallel in the
literature on the effects of age on other auditory measures such as speech-
recognition performance.

AR Magnitude and Growth

The AR magnitude is defined as the amount of acoustic-immittance
change at the tympanic membrane resulting from AR contraction (Silman,
1984). The AR magnitude is quantified in impedance units relative to a
baseline (or resting) acoustic impedance. The AR magnitude should be
quantified in terms of acoustic impedance (Z,) change at the tympanic
membrane because static Z, at the tympanic membrane seems to be stable
over time, whereas the Z 5 of the total ear is associated with poor test-retest
reliability (Dallos, 1964). Research has shown that AR magnitude varies
directly with intensity of the activating stimulus within a certain dynamic
range above the ART. The plot of changes in acoustic immittance with
increases in activator intensity is termed the acoustic-reflex growth function
(ARGF).

Age-related effects on the ARGF have been well-documented in the
literature. Beedle and Harford (1973) were the first to suggest that aging
processes could result in a diminished growth of AR magnitude. Thompson
et al. (1980) conducted the first detailed study of age-related effects on the

ARGEF in normal-hearing subjects. Their subjects consisted of 30 females, 5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

in each decade from 20-29 years to 70-79 years, who had hearing levels less
than or equal to 20 dB at the frequencies between 250 Hz and 4000 Hz. The
activating stimuli included the tonal (500 H, 1000 Hz, and 2000 Hz) as well
as white noise high-pass filtered at 1000 Hz. Thompson ef al. (1980) found
that the growth of AR magnitude (in amplitude of the acoustic-impedance
change) decreases linearly with increase in age decade. This is the case
regardless of whether magnitude is expressed in conductance (Ga) or
susceptance (B,) units for the tonal and filtered white-noise activators. The
linear decrease with age was most evident for the noise activator.

Silman and Gelfand (1981) confirmed Thompson ef al. s (1980)
finding of decreased growth of AR magnitude in the older versus younger
subjects. They obtained ARGFs for 14 ears of 8 normal-hearing subjects
aged 61-76 years and 16 ears of 9 subjects with SNHL aged 60-84 years.
The ARGFs for the two older adult groups were then compared to those for a
young group based on 26 ears of 13 normal-hearing subjects (ages 9 to 28
years); the data from the young group had been obtained from a previous
study (Silman, Popelka, & Gelfand , 1978). The criteria for normal-hearing
sensitivity for both young and older groups were air-conduction thresholds
less than or equal to 20 dB HL within the 250-t0-4000-Hz frequency range.
The degree of SNHL for the remaining older group ranged from mild to

severe across the frequency range.
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Statistical analysis of the AR magnitude data of the two older groups
(normal hearing and hearing impaired) showed no significant hearing-loss
effect for tonal activating stimuli when the data were expressed in terms of
dB SL re: ART. This finding is in agreement with those reported by Silman
et al. (1978), who found that the mean ARGFs for the tonal activators were
not significantly altered by cochlear hearing loss in young subjects. An
analysis of variance (ANOV A) showed a significant difference in AR
magnitude between the two older groups of subjects for the BBN activating
stimulus. The AR magnitude growth in the older group with SNHL was
reduced compared that in the normal-hearing elderly group. In addition,
comparison of the ARGFs for the two elderly groups (Silman & Gelfand,
1981) with those of Silman er al. (1978) showed a substantially smaller mean
AR magnitude in the elderly compared with the younger subjects.

Wilson (1981) compared the ARGFs of 18 young subjects (< 30 years
of age) with those of older subjects (> 50 years of age) using tonal (250-,
500-, 2000-, 3000-, 4000-, and 6000 Hz) and BBN activators. He reported
that the magnitude of the ARGF was significantly smaller in the older than in
the younger group at each sensation level re: ART. This finding was true
whether the data were expressed in Z or Y units.

Wilson, Shanks, and Velde (1981) measured the ARGFs in a young
group (<30 years of age) and an older group (> 50 years of age). Hearing

sensitivity was normal for both groups from 500 to 4000 Hz. These

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

investigators found that the magnitude of the AR was considerably smaller
for the older than younger group of subjects.

Silman and Gelfand (1981) and Wilson (1981) also discovered that
the ARGF saturates more frequently in elderly than in young subjects.
Silman and Gelfand (1981) found that saturation of the ARGF occurs in the
elderly but not in the young subjects for 1000-Hz, 2000-Hz, and BBN
activators. Interestingly, the young, but not the elderly subjects, showed
saturation for the 500-Hz activator.

It is apparent, then, that age has an effect on the magnitude of the AR.
Similar to other AR parameters, the age effect was noted in normal-hearing
subjects. This finding of reduced AR magnitude in the older subject is
consistent with the findings of other research on age-related changes in the
auditory system and stapedius muscle (Bredberg, 1968; Hansen, & Reske-
Nielsen, 1965; Schuknecht, 1964). Silman and Gelfand (1981) postulated
that the presence of saturation in the elderly could be the result of
deterioration of the structure and function of the auditory system leading to a
decreased amount of energy that is used by the system. They also suggested
that the presence of saturation at activatfng signal frequencies above 500 Hz
in the elderly was consistent with evidence that the effect of aging upon
hearing sensitivity is most marked at the higher frequencies (Bredberg, 1968;

Schuknecht, 1967).
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AR Latency

Acoustic-reflex latency (ARL) can be defined as the time between
stimulus onset and the first detectable Z change resulting from middle-ear
muscle contraction (Bosatra, Russolo, & Silverman, 1984). The ARL has
been demonstrated to increase concomitantly with a number of pathological
conditions including auditory brainstem lesions (Bosatra, Russolo, & Poli,
1975), and retrocochlear pathology (Clemis & Sarno, 1980; Mangham,
Lindeman, & Dawson, 1980). Although data are limited with respect to age-
related effects on the ARL, previous work in the area does suggest that ARL
increases with advancing age (Bosatra ef al., 1984).

Bosatra and his colleagues (1984) described the ARL results for 120
subjects with normal-hearing sensitivity (< 10 dB HL at 500, 1000, and 2000
Hz). Subjects were divided into decade groups ranging from 20-29 to 70-79
years of age. The ARL results for crossed stimuli were measured at levels of
10, 20, and 30 dB SL re: ART for tonal (500, 1000, 2000 Hz) and BBN
activating stimuli. Their results indicated that the mean ARL did not vary
significantly among the decade groups up to 50-59 years. The maximum
ARL for crossed stimuli in normal-hearing subjects between 20 and 59 years
of age was 178 msec. The mean ARL increased approximately 30 msec for
all activators in the 60-69 and 70-79 year-old groups as compared with the

youngest decade group.
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It was noted that the mean ARL for uncrossed stimuli did not vary
across decade groups up to 50-59 years. The maximum ARL for the 20-59
years groups did not surpass 146 msec. In the two oldest decade groups, the
mean ARL increased slightly, but the maximum ARL did not exceed 166
msec.

AR Adaptation

Acoustic-reflex adaptation (ARA) is defined as the decrease in the
magnitude of the AR during sust;lined stimulation (Wilson, Shanks, & Lilly,
1984). This phenomenon has variously been called AR decay, fatigue, or
relaxation. The ARA measure has been used clinically since Anderson, Barr,
and Wedenberg (1969, 1970) reported that patients with eighth-nerve lesions
frequently demonstrate abnormally rapid ARA, even with low-frequency
activating stimuli such as 500 and 1000 Hz. Numerous subsequent studies
upheld the finding of Anderson et al. (1969, 1970). Consequently, most
clinics have incorporated measures of ARA into audiologic clinical protocols
for purposes of differential diagnosis.

The ARA is generally quantified in one of two ways: (a) the time (re:
activator onset) for 50% reduction in AR magnitude, or (b) the percentage of
maximum AR magnitude at a specified time (e.g., 5, 10, or 15 seconds) re:
onset of the activating signal. The ARA measurements typically are made at

10 dB SL re: ART.
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Although measurements of ARA are widely used by many audiology
clinics for purposes of differential diagnosis, many aspects of ARA have not
been thoroughly investigated. To date, for example, only one study has
examined age-related effects on ARA (Lynn, 1988). Numerous studies have
been performed on the ARA characteristics in young, normal-hearing
subjects. The majority of these studies have focused on the effects of
frequency, intensity and bandwidth on ARA. The effects of activator
frequency on ARA for normal listeners have been thoroughly investigated
(Djupesland, Flottorp, & Winther, 1967; Johansson, Kylin, & Langfy, 1967,
Kaplan, Gilman & Dirks, 1977; Wilson, Steckler, Jones, & Margolis, 1978;
Wilson, Shanks, & Lilly, 1984). The resuits of the aforementioned studies
have yielded the following findings:

1. As the activating stimulus frequency increases, the rate of ARA

increases;

2. The amount of ARA for the lower-frequency (500-Hz and 1000-

Hz) tonal activators is less than that for the higher-frequency
(2000-Hz and above) tonal activators; and

3. The onset of ARA occurs earlier for high-frequency than low-

frequency activators.

The relation between ARA and activator intensity level in normal-
hearing subjects is not as clearly defined as that between ARA and activator

frequency. A lack of consensus exists on the latter relation. Depending on
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the investigation, ARA in the normal auditory mechanism has been shown to
increase, decrease, or remain unchanged as a function of activator intensity.
In addition, some research has indicated that the effects of activator intensity
on ARA are frequency dependent. With the exception of Wiley and
Karlovich (1975) and Kaplan, Gilman and Dirks (1977), most researchers
have reported that ARA decreases as the intensity of a low-frequency (e.g.,
500 or 1000 Hz) activator increases (Djupesland ef al., 1967; Givens &
Seideman, 1979; Rosenhall, Liden, & Nilsson, 1979; Wilson et al. 1977).
The effects of intensity on BBN and high-frequency tonal activators (2000
Hz) remain unclear.

The effects of activator bandwidth on ARA have been examined in
the literature (Dallos, 1964; Djupesland et al., 1967, Wiley & Karlovich,
1975; Wilson, 1984). There is general agreement that the rate of ARA
adaptation is slower for BBN than most tonal activators.

Lynn (1988) studied the effects of age on ARA in three groups of
subjects. The first group comprised 12 young subjects (age range of 20-29
years) with normal-hearing sensitivity (air-conduction thresholds <20 dB HL
from 250 Hz through 8000 Hz). The second group comprised 12 older
subjects (age range of 60-69 years) with normal-hearing sensitivity (<20 dB
HL from 250 Hz to 8000 Hz). The third group comprised 2 presbycusic
subjects (age range of 60-69 years) with hearing sensitivity typical for their

age (according to Corso, 1971 and Spoor, 1967). The criteria for the air-
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conduction thresholds in the presbycusic group were thresholds less than or
equal to 25 dB HL from 250 Hz to 1000 Hz, between 25 dB and 40 dB HL at
2000 Hz, and between 25 dB and 55 dB HL above 2000 Hz. Subjects in this
presbycusic group were matched with respect to age (+ 2 years) to subjects in
the older, normal-hearing group.

The ARA functions were measured on each subject by monitoring
contralateral reflex activity using a 220-Hz probe tone. The AR activators
consisted of tonal (500 Hz, 1000 Hz, and 2000 Hz) and BBN stimuli
presented at 10 dB and 15 dB SL re: ART. In addition to calculating the rate
of ARA for each function, the morphology of the curves was examined for
trends. Four different curve patterns were described. Lynn (1988) found that
the rate of ARA was not significantly affected by age or by presbycusis. In
agreement with previous literature, the rate of ARA was found to be
dependent on stimulus type and sensation level. When the morphology of
curve patterns was analyzed, a significant age effect was discovered. No
significant effect of presbycusis was found. Morphology, as well as rate of
ARA, was dependent on stimulus type and sensation level.

Prediction of Hearing Loss from the ART

Various researchers have used ART measurements to identify and
predict hearing impairment in adults and children. This technique is
noninvasive, inexpensive, requires little patient cooperation, and is, therefore,

clinically helpful in predicting hearing sensitivity in the difficult-to-test
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patient. The fundamental principle underlying prediction of hearing
impairment from the ART is based upon the relation between the tonal and
noise ARTs in persons with SNHL as compared with normal-hearing
individuals.

The method of prediction of hearing loss from the ARTs, which was
proposed by Niemeyer and Sesterhenn (1974), attempted to estimate the
pure-tone average (PTA) of the hearing threshold levels at 500, 1000, 2000,
and 4000 Hz. Their technique emerged from two observations:

1. The difference in ART between the tonal and BBN activators

decreases inversely with the magnitude of the hearing loss; and

2. The difference between the average of the ARTs for the 500-,

1000-, 2000-, and 4000-Hz activators and the PTA for the
threshold levels at 500, 1000, 2000, and 4000 Hz decreases
linearly with the magnitude of the hearing loss.
Niemeyer and Sesterhenn (1974) showed that the difference between the
average of the ARTs for the tonal activators and the PTA is greater by a
factor of 2.5 than the difference between the average of the tonal ARTs and
the BBN ART.

An essentially similar approach proposed by Jerger, Burney, Mauldin,
and Crump (1974b) was referred to as the SPAR method, or sensitivity
prediction from the AR. Jerger ef al. entered the ART data for 500-Hz, 1000-

Hz, 2000-Hz, and BBN activating signals into a set of formulas which
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yielded the NTD, expressed in decibels. The magnitude of the NTD formed
the basis for categorization of the hearing sensitivity as normal, mild-
moderately, severely, or profoundly impaired. The SPAR was further
modified by Jerger (1975) and again by Jerger, Hayes, Anthony, and Mauldin
(1978). Jerger et al. (1978) pointed out that the decreased NTD in the normal
aged subjects made prediction of hearing loss in this population unreliable.

Silman, Gelfand, Piper, Silverman, and Van Frank (1984) reviewed
data from several studies using the Niemeyer and Sesterhenn and SPAR
methods. Their review revealed that the false-positive rates were as high as
25-40%, the false-negative rates were sizable, especially for studies that used
large samples, and predictive accuracy with respect to hearing loss severity
categories was poor.

Popelka (1981) and Silman, Gelfand, Piper, Silverman, and Van
Frank (1984) noted the limitations of the methods for prediction of hearing
impairment based on the ART as follows:

1. These methods did not control for age. Several studies have

shown that the NTD decreases as a function of age (Gelfand &
Piper, 1981; Silverman et al., 1983).

2. These methods were based on the assumption that the NTD

decreases as the severity of the hearing loss increases. However,

research has indicated that this assumption holds only for mild-to-

moderate hearing impairment up to 40-50 dB HL.. Additional
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increases in hearing impairment beyond 40-50 dB HL result in an

elevation of the ART for the tonal, but not BBN activator. Therefore,

the NTD increases with increases in the magnitude of hearing
impairment beyond 50 dB HL.

Popelka, Margolis, and Wiley (1976) and Popelka (1981) attempted to
overcome the limitations of these techniques with a bivariate-plot method.
With this method, the ARTs are used to predict the presence, rather than the
magnitude, of a hearing loss. The hit rate of the classical bivariate procedure
is about 90% and the false-alarm rate is about 5% in children (Silman et al.,
1984a). The hit and false-alarm rates are slightly improved when ART
measurements are made with 1-dB or 2-dB increments and a strip-chart
recorder instead of 5-dB increments with visual inspection of needle
deflection. The hit rate approaches chance level, however, when the sample
includes persons with mild or high-frequency sensorineural hearing
impairment (which occurs much more often in adults than in children) and
persons more than 44 years of age (Handler, & Margolis, 1977; Silman,
Silverman, Showers, & Gelfand 1984b).

The predictive accuracy of the classical bivariate-plotting procedure
in adults with mild or high-frequency hearing loss can be enhanced by
(a) excluding the ART data of those older than 44 years of age; (b) plotting
the ART data from the hearing-impaired as well as the normal-hearing ears

before drawing the line segments; and (c) drawing the line segments to
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maximize the hit rate without obtaining a large false-alarm rate (Silman ef al.
1984a,b). This modified bivariate graph is then used for prediction of the
presence of a hearing impairment of any magnitude, including high-
frequency hearing impairment.

Neither the classical nor the modified bivariate procedure should be
used with persons more than 44 years of age. The classical procedure should
be used with children and the modified procedure should be used with adults
under 44 years of age.

Keith (1977) suggested that the BBN ART alone could be used to
identify hearing loss in children. Among 26 normal-hearing subjects and 48
with hearing loss (ages unreported), Keith found that the BBN ART exceeded
85 dB SPL in only 7 of the 52 normal-hearing ears (13.5%). In contrast, the
BBN ART exceeded 85 dB SPL in 93 of the 96 ears (96.9%) with hearing
loss. Keith therefore suggested that the BBN ART procedure, with a cutoff at
85 dB SPL, was an effective in screening for hearing impairment. There
were some weaknesses to Keith’s proposal, however. Ears with mild hearing
loss were not included in Keith’s data. In addition, Keith did not consider the
effects of isolated high-frequency sensorineural hearing loss on the BBN
ARTs. Unfortunately, the degree of overlap in BBN ART among the normal-
hearing and hearing-loss groups makes it impossible to directly apply Keith’s
(1977) 85-dB SPL criterion to the adult population. However, examination

of the BBN ARTs indicates that the BBN ARTs for the normal-hearing group
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generally fell below 80 dB SPL, whereas those of the subjects with
significant hearing loss fell, without exception, above 85 dB SPL. One may
conclude that if the BBN ART exceeds 85 dB SPL, then the presence of some
degree of hearing loss is highly likely. Normal-hearing sensitivity would be
expected if the BBN ART does not exceed 79 dB SPL. The interpretation is
ambiguous if the BBN ART falls between 80 and 85 dB SPL. Recently,
Keith’s data were supported on a population of children and adults with
cerebral palsy (Emmer & Silman, in preparation).

Silman ez al. (1984b) developed criteria for the identification of
hearing impairment in the over-44-years-of-age group based on the following
absolute ART levels: (a) an ART greater than or equal to 105 dB SPL for the
1000- and/or 2000-Hz activator; or (b) an ART greater than 90 dB SPL for
the BBN activator. They used 1-dB intensity increments and a strip-chart
recorder. Silman and his colleagues reported that these criteria correctly
identified 87% of their normal-hearing adult subjects. However, the ability to
identify mild and/or high-frequency hearing impairment approached the
chance level.

Wallin, Mendez-Kurtz, and Silman (1986) evaluated the accuracy of
prediction of hearing loss based on the ART criteria developed by Silman et
al. (1984b) for the older adult population, when routine clinical procedures
for ART measurement (5-dB increments and visual monitoring of needle

deflection) were used. Their sample included 126 ears of 83 subjects
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between 45 and 84 years of age. Wallin ef al. (1986) reported that 90% of
the ears with significant loss were identified as having at least a mild or high-
frequency hearing impairment. Still, the predictive accuracy for the mild
and/or high-frequency hearing-impaired ears remained problematic. About
half of these ears had ARTs that did not exceed the proposed criteria and the
other half had ARTs meeting the suggested criteria. The predictive accuracy
for the normal-hearing ears was 93%. The findings of Silman ef al. (1984b)
and Wallin er al. (1986) suggest that these ART criteria can be used as a
screening technique to identify the presence of hearing loss in difficult-to-test
adults who are more than 44 years of age. Still, about 50% of the mild and/or
high-frequency hearing-impaired ears will be misidentified.
Temporal Integration of the AR

Temporal integration can be defined as the relation (tradeoff) between
stimulus intensity and duration when the time frame is less than about 1
second. The longer the duration of the stimulus, the less the intensity that is
required for threshold, up to the plateau. Beyond the plateau, further
increases in duration no longer improve threshold. This plateau point is
usually called temporal integration for threshold. Temporal integration
occurs for threshold, loudness, and the AR. It is based upon the fact that the
nervous system needs time to optimally integrate energy. For shorter
durations, more energy is required; for longer durations, up to a point, less

energy is required. Temporal integration involves the integration of neural
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rather than acoustic, energy (Zwislocki, 1960; 1969). Since no means for
integration of acoustic energy is available in the peripheral auditory system, it
must be neural energy that is stored following sensory transduction
(Zwislocki, 1969). The relation between intensity and duration is generally
expressed as the level change (in decibels) needed to offset a decade (10
times) change in duration, as seen on a threshold-duration function. For
example, reducing the stimulus duration from 200 to 20 msec might require
that the stimulus level be raised from 82 to 92 dB in order to reach ART. In
this case, then, a decade change would be offset by a 10-dB level change.
Alternatively, the threshold intensity decreases by 10 dB when the duration
of a tone is increased from 20 msec to 200 msec.

The tradeoff between intensity and duration is usually plotted with
stimulus duration on the abscissa and intensity level on the ordinate or in
terms of threshold difference in dB relative to the point of the plateau. With
the latter approach, the threshold difference is plotted on the ordinate and the
intensity is on the abscissa. The intensity-duration tradeoff is usually
described in terms of slope (intensity change per decade of duration).
Methods of Recording and Measuring

In general, there have been four approaches employed for the
recording and measurement of temporal integration: (a) use of a “criterion
response,” which is a predetermined point (e.g., 50% or 20% of the

maximum acoustic-immittance change); (b) use of visual monitoring (Visual
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Detection Threshold or VDT) involving the identification of the smallest
noticeable acoustic-immittance change on a meter or oscilloscope; (c) use of
strip-chart recorded data; and (c) use of an averaging method. Woodford er
al. (1975); Feldman and Katz (1978) employed visual monitoring; Jerger ef
al. (1977) used an averaging technique; Djupesland ez al. (1973) used a
criterion response; and several investigators (Barry & Resnick, 1976;
Richards, 1975; Singh & Greenberg, 1976; Gelfand et al., 1981) utilized
strip-chart recorded data. Some researchers have combined more than one of
these methods within a study. For example, Djupesland and Zwislocki
(1971) used VDT and a criterion response; Korabic and Cudahy (1984)
employed “traditional” methods such as VDT along with a signal averager
and an X-Y plotter to record the final averaged response. Cacace et al.
(1991) used signal averaging and different threshold response criteria.
Gelfand (1984) enumerates the clear advantages, in terms of validity
and reliability, provided by recorded AR responses as opposed to VDT, a
method commonly seen in the literature. The most notable problem with any
visual-monitoring approach is that the investigator must make an immediate
decision about whether a particular meter deflection or deviation from
oscilloscope baseline is, in fact, an AR response. In addition, the investigator
is unable to re-evaluate the decision once made. According to Gelfand, “the
requirement for an immediate decision frequently leads to variations in the

tester’s criterion for an immittance change indicative of a reflex response”
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(p. 140). The often used criterion of smallest (reliable) meter deflection can
easily be modified moment-by-moment because of changes in background
meter activity, ballistics, etc, that may or may not be time-locked with the
stimulus. The “smallest (reliable) meter deflection” may not, therefore, be
the smallest, nor the most reliable.

A major impetus for the introduction of a computer-averaging
technique was the need to obtain an ART at lower levels than those obtained
via conventional methods. However. in the majority of those studies that
used averaging methods, the computer-averaged ART was similar to the ART
that was acquired using 1-2 dB increments (laboratory conditions) with a
strip-chart recorder. For example, the results obtained by Cacace ef al.
(1991), using averaging, revealed a contralateral ART between 92-97 dB SPL
(depending upon the criterion used) for a 1000-Hz tonal activator of 500
msec duration. Korabic and Cudahy (1984) and Morgan et al. (1977), also
using averaging, achieved an ART of about 90 dB SPL for the 1000-Hz tonal
activator of 500 msec duration. Gelfand (1984) notes the ART values
obtained across 12 studies employing a 1000-Hz tonal activator, 1-2 dB
intensity increments, and a strip-chart recorder (see Table 1-next page). The
range of values for the ART is between 89 and 93 dB SPL. If we disregard
the ARTs obtained by Wilson (1981), the ART range is between 90-92 dB

SPL; this range is indeed very narrow.
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Typical Acoustic-Reflex Threshold Means

Table 1

(Standard Deviations) (dB SPL): Laboratory Conditions

N 250Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz BBN
Beedle & 10 93.9 90.3 89.2
Harford ('73)
Gelfand & 12 ears 93.0(42) 1 894(5.2)192.14.9) 76.2 (6.5)
Piper ('81)
Handler & 17 94.1(6.1)] 90.4(5.1) | 91.8(52)|962(.00| 754(84)
Margolis ('77)
Margolis & 17 94.0 90.0 92.0 96.0 75.0
Fox ('77)
Margolis & 5 99.7(3.2) | 97.7(3.0) | 91.1(34) | 903(35) [ 915(43)] 77.2(47)
Popelka (‘75b)
Ritter et al, 10 107.8 | 96.1(9.0) | 92.1(5.3) | 89.9(6.8)
('79) (10.2)
Silman (’79) 20 ears 91.7(5.0) | 89.5(4.6) | 91.6 (6.6) 72.7(11.3)
Silman & 22 ears 90.6 89.0 90.8 76.8
Gelfand ('79)
Silman et al. 26 ears 93.0(6.2) | 91.3(5.6) | 93.4 (449 76.3 (6.2)
('78)
Wilson (*79)° 36 91.6(5.0) | 93.7(5.2) 76.4 (9.4)
Wilson ('81)° 18 1043 [909(4.7)|898(4.5)|91.1(4.6){928(59 | 714(8.6)
(6.3)
Wilso: etal. 48 ears 97.9(5.4) | 93.4(6.0) | 94.7 (6.9) 77.9 (10.5)
('81)

*Mean (SD) was 93.0 dB (4.9) at 750 Hz.

*Mean (SD) was 90.6 dB (4.4) at 750 Hz and 97.7 dB (8.0) at 6000 Hz, (From Gelfand, 1984),

89
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The only investigators to obtain a remarkably lower ART for a 1000-
Hz activating stimulus of 500-msec duration were Jerger et al. (1977) and
Zito and Roberto (1980). In the former study, the tonal ART was
approximately 72 dB SPL, and in the latter, never-replicated study, the tonal
ART was found to be close to behavioral threshold, which raises the issue of
whether the response was an artifact. The general lack of methodologic
uniformity across studies with respect to the total number of sweeps averaged
has made it difficult to determine how many sweeps are desirable. Jerger et
al. (1977) averaged 8 or 16 sweeps, Silman (1981) 4 sweeps, Korabic and
Cudahy (1984) 32 sweeps, Zito and Roberto (1980) 40 sweeps, and Cacace ef
al. (1991) a minimum of 8, and a maximum of 16 sweeps. Even when the
same number of sweeps was used (Jerger ef al. and Cacace et al.), the results
have differed. It is apparent from the literature that computer averaging does
not yield better resolution than a strip-chart recorder with 1-2 dB steps,
particularly when a digital-to-analog recorder is used.

Popelka (1981) also recounts the numerous advantages of a strip-chart
recorder:

In addition to overcoming the problems associated with nonrecording

output devices, this display method (the strip-chart recorder, or X-Y

plotter) has several other advantages. First, a multichannel device is

able to record both the ongoing immittance and the temporal aspects

of the activating stimulus. This allows a more precise determination
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of whether or not immittance changes are associated with activating

stimuli. It also allows the determination of the presence or absence of

artifacts, the removal of the large static immittance value (if DC offset
capability is present) so that small changes in immittance may be
observed, and the capability for varying the sensitivity of the

measurement system (p. 51).

Perusal of the literature on temporal integration for the ART reveals
widely disparate intensity-duration findings, particularly for hearing-impaired
listeners. Temporal integration ranges from 10-35 dB from study to study
and among subjects within a single investigation (Gelfand ef al., 1981;
Gelfand, 1984). Several investigators (Jerger et al., 1977, Morgan et al.,
1977; Gelfand et al., 1981; Korabic & Cudahy, 1984) have postulated that the
disparate results stem from: (a) varied definitions of the ART;

(b) instrumentation differences (e.g., Morgan ef al. comment on the reduced
sensitivity of the Zwislocki bridge relative to the Madsen Z0-70 meter, which
at least partially results from difficulty in balancing the Zwislocki instrument
when using a low-frequency probe); and (c) differences in
measurement/recording techniques.

Djupesland and Zwislocki (1971), using the Zwislocki
electromechanical bridge, examined the ART as a function of stimulus
duration for 6 young normal-hearing subjects (age range 19-23 years). The

ART was defined as the smallest detectable baseline deflection (acoustic-
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immittance change) on an oscilloscope. Stimulus intensity was adjusted to
satisfy one of three criteria: (a) VDT; (b) 20% of the maximum impedance
change; and (c) 50% of the maximum impedance change. The contralateral
AR was elicited with a 2000-Hz tonal activator; the activator duration varied
from S to 3000 msec, the interstimulus interval was 5 sec, and 1-dB activator
intensity increments were used over the 80-140 dB SPL range.

The results of Djupesland and Zwislocki’s (1971) study revealed that
the activator duration has a marked effect on the ART. The median threshold
intensity decreased by approximately 25 dB when the duration of the 2000-
Hz activator was increased tenfold from 10 to 100 msec. Thus, a decade
change was offset by a 25-dB level change. The effect was noted to be about
the same for all criterion levels (i.e., VDT and 20%, and 50% of maximum
acoustic impedance change. The effective time constant (threshold) of
temporal integration of the ART was about 200 msec. This time constant is
the same as that for the threshold of audibility and for loudness.

In a later study, Jerger ef al. (1977) concluded that the approach used
by Djupesland and Zwislocki to analyze ARTs based upon a criterion of a
constant proportion of maximum observable amplitude at any given duration,
is unsuitable for temporal integration studies. Jerger ef al. note that “such a
criterion is based on the implicit assumption that the slope of the amplitude
function is constant across duration. But our data place this assumption in

doubt” (p. 191). Specifically, Jerger ef al. (1977) showed that the mean 1000-
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Hz ARGFs for two subjects became shallower with decreasing activator
duration. Jerger ef al. also remarked that the change in the slope of the AR
amplitude as a function of signal duration could interact with inherent
instrument noise to affect temporal integration as measured by VDT methods.
According to Jerger ef al. (1977) a system with low background noise will
measure less temporal integration than a system with comparatively higher
background noise.

In 1973, Djupesland, Sundby, and Flottorp studied temporal
integration of the ART in 5 young subjects with normal hearing sensitivity.
The AR was elicited by contralateral stimulation of the left ear by using
octave bands of noise centered at frequencies between 250 and 4000 Hz.
Activator duration was varied from 5 to 3000 msec, with an interstimulus
interval of 4 sec. The results indicated that the duration of short acoustic
stimuli has a notable effect on the ART. For activating stimulus duration
shorter than 50-80 msec, the relation between intensity and stimulus duration
was found to be about the same for the various activating stimuli, indicating
that temporal integration of the ART is independent of the type of stimulus,
when the stimulus is of short duration.

For durations longer than about 80 msec, the investigators noted
several time constants of integration. Djupesland et al. characterized each of
the obtained temporal integration functions by two lines that met to form a

“knee.” Specifically, it was found that for all bands of noise activators, the
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slopes of the temporal-integration functions were equivalent up to a critical
duration; this duration varied as a function of the center frequency. For noise
bands centered at 250, 500 and 1000 Hz, the critical duration was between 50
and 80 msec, whereas the higher frequency bands and the white noise had
critical durations between 500 and 600 msec. The slopes of the functions
above the knee-point were much less steep than those below the knee-point,
but they increased as a function of the center frequency. The authors offered
the following possible explanation for the observed difference in the knee-
point for frequencies below and above 1000 Hz: The lower knee-point for
low- as compared with high-frequency activators may correspond to the
effect of the transmission loss observed by Borg (1968). The median slope
across durations below the knee-point was 22 dB for a tenfold change in
time; this finding was in agreement with Djupesland and Zwislocki (1971).
Bazarov and Moroz (1975) also reported a slope in excess of 20 dB per
tenfold change in activator duration using a BBN stimulus. In contrast,
however, Gnewikow (in 1974, as cited by Jerger et al., 1977), reported slope
values in the range of 12-23 dB. For the 500-Hz activator, Gnewikow
obtained a slope of 12 dB, whereas Djupesland ef al. reported a 25.5 dB
slope. It is interesting to note that Woodford ef al. (1975) and Gnewikow (in
1974, as cited by Jerger et al., 1977) using fundamentally the same

instrumentation, demonstrate very similar results.
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Singh and Greenberg (1976) observed that the ARTs in their study
occurred at lower intensities than those obtained by Djupesland ef al. (1973).
They proposed that the variation could be explained by differences in the
ART criteria used. Whereas Singh and Greenberg recorded both stimulus
and response for analysis, the response criterion used by Djupesland ez al.
was 50% of the maximum acoustic-impedance change. The authors
hypothesized that to obtain this amount of acoustic-impedance change, “more
signal intensity is certainly required” (p. 13).

Richards (1975) studied temporal integration in 10 normal-hearing
young (mean age of 24.5 years) adults. The contralateral ART was obtained
for activator tone bursts of 500, 1000, 2000 and 4000 Hz at the following
durations: 1000, 640, 320, 160, 80, 40 and 20 msec. An American
Electromedics Model 81 meter was used to observe acoustic-impedance
changes that were monitored on a strip-chart recorder. The interstimulus
interval was randomly varied between 4 and 10 sec. Richards reported, as
did all previous researchers, that there was a tradeoff between ART and
duration for all activator frequencies studied. He noted, too, that the relation
was frequency dependent. At 500 and 1000 Hz, between 12 to 13 dB
additional intensity was required for ART with decade reduction from 200-20
msec. At 2000 Hz, 17 dB was needed, and at 4000 Hz, 27 dB was required.
The slopes for this study for the 2000-Hz tonal activator were somewhat

smaller than those found by Djupesiand and Zwislocki (1971) and
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Djupesland er al. (1973), with 22 dB for one decade duration in the former
study, and 23 dB for one decade duration in the latter. Richards’ difference
was 17 dB at 2000 Hz. It is important to again note, in light of the high slope
variability, that sample sizes were small for all studies (between S to 10
subjects).

Richards (1975) comments that although his study, and that of
Djupesland ez al. (1973), both show that the slope of temporal integration of
the ART is frequency dependent, the course of the dependence differs. The
data of Djupesland et al. (1973) indicate two patterns not reproduced in the
study by Richards:

1. The slope of temporal integration of the ART remained relatively
uniform (approximately 22 dB/decade time) up to a critical
duration point, the value of which increased with frequency; and

2. The slope of temporal integration of the ART was frequency-
dependent at durations greater than the knee-point, increasing as a
function of increased frequency. Richards’ results showed the
frequency effect to be present for all activating stimulus durations,
not solely for those beyond the knee-point. In addition, the data
of Richards do not demonstrate clearly apparent knee-points.

We should be cognizant of the fact that there is no mention of the

resolution of the recorder used by Richards (1975). Because the frequency

resolution of the recording device is unknown, the question arises as to its
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ability to track small changes. In addition, there is no mention of the time
constant of the recording device. It is difficult to compare results of studies
that differ in terms of their instrumentation as well as criteria for acoustic-
impedance change.

Barry and Resnick (1976) explored the ART as a function of
activating stimulus frequency and duration. Subjects included 6 youngadults
(4 females and 2 males of unspecified age range) whose pure-tone thresholds
did not exceed 10 dB HL. The ARTs were obtained at each of four activating
stimulus frequencies (500, 1000, 2000, and 4000 Hz) for durations of 10, 30,
100, 300, and 1000 msec. The authors detected the monitored the ART with
the Madsen ZO-70 acoustic-immittance device, in conjunction with a dc
amplifier and strip-chart recorder. The criterion for ART was the minimum
stimulus level at which the investigator observed a deflection of the trace,
occurring on 2 of 3 successive presentations, which was time-locked tothe
activating stimulus. Generally, Barry and Resnick observed a smaller
improvement in the mean ART with increase in duration than Djupesland and
Zwislocki (1971) and Woodford ef al. (1975). But Barry and Resnick’sdata
are in very good agreement with those obtained in 1972 by Morgan and
Bower (as cited by Resnick and Bower), who used similar equipment. In later
studies by Jerger ef al. (1977) and Morgan et al. (1977) this point is
reiterated. Even the same investigators, using dissimilar equipment, achieve

disparate results. Additionally, and in agreement with most other
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investigators, Barry and Resnick found a frequency effect with a considerably
steeper slope for higher (2000 and 4000 Hz) frequencies than for lower (500
and 1000 Hz) frequencies. These authors point out, in accord with previous
literature, that although the mean ART data appear to be quite orderly in
appearance, examination of individual data shows striking inter-subject
differences in the magnitude of the change in ART as a function of stimulus
duration.

Jerger, Mauldin, and Lewis (1977) examined the interaction of signal
intensity and signal duration at VDT and at varying suprathreshold signal
levels in 10 normal-hearing young subjects (age range of 21-35 years). A
signal-averaging technique was used to minimize AR measurement system
noise. The response was displayed on an oscilloscope or printed out on a
strip-chart recorder. Sixteen sweeps were used to define a single AR
response; when amplitude-intensity functions were generated, 8 sweeps per
response were used. The impetus for this study was the presence, in the
literature, of the divergent results mentioned earlier for temporal integration
of the ART. It was the initial contention of these investigators that the
discrepancies in findings among different investigators and regarding reflex
levels and slopes of temporal integration, could be explained by procedural
differences and as artifacts of instrumentation. As the investigation
progressed, however, Jerger et al. became aware that other factors, chiefly a

bandwidth effect, contributed to these discrepancies.
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Jerger et al. (1977) measured the ARTs in 2 male and 8 female
subjects for a 1000-Hz tonal activator at durations of 10, 20, 50, 100, 200 and
500 msec. Activator intensity was varied in 1-dB steps, and ART was
defined as the lowest SPL producing a visually detectable vertical
displacement of the averaged horizontal oscilloscopic baseline. In 2 of the
original 10 subjects, additional signals of 500 Hz, 1000 Hz, 3000 Hz, 4000
Hz, BBN, and band-pass filtered noise also were investigated. In addition, in
these 2 subjects, amplitude-intensity functions were generated for each signal
duration (AR responses were recorded with a strip-chart recorder, and
activator intensity was varied in 5-dB increments from VDT to a maximum
of 135 dB SPL). In a group of 3 normal listeners, amplitude-intensity
functions were generated at 5-dB intervals for both a 1000-Hz tonal activator
and for broad-band Gaussian noise. The ART data revealed a 10-11 dB
decade tradeoff for the 500-, 1000-, and 2000-Hz tonal activators. The slope
of the temporal integration function was somewhat steeper at 3000 Hz, and
considerably steeper at 4000 Hz. The slope of the temporal-integration
function for Gaussian noise was similar to that for the 4000-Hz tonal
activator, which led to an additional experiment showing a bandwidth effect
on temporal integration of the ART.

Jerger et al. (1977) compared their temporal integration findings for
the 1000-Hz tonal activator (VDT) with those of Djupesland and Zwislocki

(1971) for the 2000-Hz activator and Woodford ef al. (1975) for the 1000-Hz
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activator. The results were widely dissimilar. Jerger et al. proposed that the
divergence was due only in part to a frequency difference, and more
fundamentally to “an interaction between reflex VDT and the instrumentation
used to detect reflex response” (p. 186). It is the contention of Jerger ef al.
that the dissimilarities are best explained as artifacts of equipment because of
difference in background noise level of the measurement systems used in the
three studies. The ART data of all studies, however, do show a frequency
effect.

Using two normal listeners, Jerger ef al. (1977) measured AR
amplitude for the 1000-Hz tonal activator at 100 to 135 dB SPL over signal
duration ranging from 10 to 500 msec. The results indicated the following:

1. At the longest activator durations, AR amplitude rises rapidly and

then asymptotes at 120 dB SPL;

2. As activator duration decreases, the slope of the amplitude-

duration function becomes more gradual.

According to Jerger et al., there are three very important implications
of these findings. Firstly, temporal integration data that are based upon a
constant-proportion-of-maximum-observable-amplitude criterion are
questionable, because such a criterion is based on the “implicit assumption
that the slope of the amplitude function is constant across duration” (p. 191).
According to Jerger et al, this assumption is erroneous. Secondly, the

change in slope can have an effect on data on temporal integration of the
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ART based on the VDT method. Jerger ef al. believe that because of the
differences in slope of the amplitude-duration functions, the level of
background noise in the measurement system will impact on the temporal
integration measured by a VDT technique in the following manner. When
VDT is the criterion method, systems with high background noise levels will
demonstrate a greater amount of temporal integration than systems with low
background noise levels. Thirdly, because the amplitude functions in this
study seem to extrapolate downward to a common origin, it can be inferred
that if there were no measurement system noise there would be little, if any,
temporal integration of the ART. Jerger et al. (1977) suggest, therefore, that
relatively large differences among the findings of previous research are
explained by the interaction between measurement system noise and the
slope of the amplitude function when the criterion of temporal integration is
VDT.

Jerger et al. (1977) also measured AR amplitude in 3 normal listeners
at 5-dB increments from 70 to 130 dB SPL for both tonal (1000-Hz) and
BBN activators. A substantial slope difference was noted between the 1000-
Hz and BBN signals. It was postulated that this difference has an important
implication for the amount of temporal integration measured by VDT: the
background noise level of the measuring system would have a greater effect

on temporal integration of the ART for BBN than for tonal activators. The
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substantial changes in slopes of amplitude functions highlights the difficulties
in interpretation of ART data obtained with the VDT method.

Jerger et al. (1977) reported that an examination of amplitude-
duration functions for 1000 Hz and BBN activators yielded the following
observations:

1. The amount of temporal integration of AR amplitude increases

with signal intensity;

2. The threshold of temporal integration of AR amplitude occurs at a
signal duration which decreases as a function of signal intensity;
and

3. The threshold of temporal integration of AR amplitude at high
intensities is the same (100 ms) for either the 1000 Hz or the BBN
tonal activating signal. Jerger ef al. suggest that this last finding
implies that the technique based on the amplitude-duration
function may be a more advantageous method for examining
temporal integration of the AR than that based on the VDT.

Gelfand, Silman, and Silverman (1981) obtained ARGFs for tonal
activators of 500 Hz, 1000 Hz, 2000 Hz and BBN on 4 subjects (3 female and
1 male, age range of 22 to 31 years). The activator duration tested included
1000, 200, and 20 msec. Acoustic-immittance change was monitored using
an electroacoustic immittance meter (American Electromedics model 83),

and was recorded on one channel of a two-channel strip-chart recorder
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(Gould Brush model 220). The second channel served as an event marker of
stimulus presentations. The AR magnitude was obtained by subtracting the
acoustic impedance preceding activator onset from that occurring during
stimulation. The ARTs for the 1000-msec duration activators averaged about
90 dB SPL for tones and about 70 dB SPL for BBN, consistent with previous
findings (Silman, Popelka, & Gelfand, 1978). The degree of temporal
integration was noted to be quite variable among subjects. This finding was
also in concordance with results reported by other investigators (Djupesland
& Zwislocki, 1971; Djupesland ef al., 1973; Bazarov & Moroz, 1975;
Woodford et al. 1975; Jerger et al., 1977). Gelfand et al. noted greater
variability (in agreement with Hung & Dallos, 1972) with respect to ARGF
patterns between subjects than within subjects across activators, a fact that
would seem to preclude the use of simple systems of pattern types for
purposes of diagnosis. Gelfand e al. did mention, however, that it is usual
for all ARGFs for 1000-msec activators to augment in AR magnitude with
increasing activator level. This augmentation occurs over a rather large range
of SPLs before a point of saturation. According to Silman et al. (1978), this
is the case for the BBN ARGEF as well, although a “tail” of slow or no AR
growth occurs near threshold.

Gelfand et al. (1981) described several important observations about
temporal integration with respect to the ARGF. The ART is elevated at

activator duration well below a second, and rate of AR growth with activator
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level appears to decrease with shorter duration stimuli, that is, the slope of the
ARGEF is shallower for shorter duration; the effect is increased at higher
activator frequencies. Jerger ef al. (1977) also found that the slopes of the
ARGFs for the 1000-Hz activator decreased with decrease in signal duration.
The ARGFs for the BBN activator are similar to those for the highest
frequency tonal activator (2000 Hz). This finding is consistent with the
temporal integration data for the ART reported by Jerger et al. (1977).

When the ARGF is normalized at ART for all activator durations, the
following results are demonstrated:

1. Growth in AR magnitude is similar among the three durations at

500 Hz.

2. At 1000 Hz, growth in AR magnitude is slower at 20-ms duration

than at 200 and 1000 msec.

3. At 2000 Hz, growth in AR magnitude becomes progressively

slower with decreasing duration from 1000 to 200 to 20 msec.
There was no particular pattern demonstrated by the normalized BBN growth
function.

Cacace, Margolis, and Relkin (1991) echo a finding so often noted in
the literature. They reported that threshold of temporal integration of the
ART depends upon instrumentation as well as the criteria used to measure the
ART. In addition, these authors indicated that mode of presentation (i.e.,

ipsilateral versus contralateral) impacts on the ART and on temporal
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integration of the ART. The results of statistical analysis of their data show
that stimulus duration, AR response criteria, and recording conditions were
significant factors contributing to the changes observed in ART. However,
there seems to be an interaction effect between AR response criteria and
duration, and between AR response criteria and mode of presentation. The
ipsilateral ART is consistently lower than that for contralateral stimulation by
about 5 dB. At 100-msec duration across all intensities, the ipsilateral, but
not contralateral, AR magnitude at suprathreshold levels seems to attain
temporal integration. Temporal integration of contralateral AR magnitude
occurred at suprathreshold levels for the activator duration of about 200
msec, similar to the temporal integration findings reported in previous
literature.

Morgan, Gilman, and Dirks (1977) noted that even the same
investigators obtain disparate results when they use different instrumentation.
They cite Wilson, Morgan, and Dirks (1972) who, using a Madsen ZO-70
electroacoustic impedance meter, observed an intensity-duration tradeoff of
approximately 10 dB with a 2000-Hz activator at durations between 25 and
1000 msec. Morgan and Bower (1972) conducted a similar experiment with
different subjects using a Zwislocki Bridge (Model 3). The results of the
latter study were in sharp contrast to the results of the former, but
interestingly, in close agreement with findings of Djupesland and Zwislocki

(1971), who also used the Zwislocki Bridge (Model 3). The authors
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suggested that the differences seen were most likely due to differing
equipment characteristics associated with each of the impedance-measuring
systems, as well as to procedural differences, rather than to any real
differences between subjects. As a result, Morgan ef al. (1977) conducted
several experiments to determine the operating characteristics of two
acoustic-impedance measurement systems (Madsen, model ZO-70 and
Grason-Stadler Zwislocki Bridge, model 3). In addition, they sought to
measure (a) the ART; (b) the ARGF; and (c) temporal integration of the ART
for several tcnal activators.

Morgan et al.’s (1977) first experiment was designed to determine
and contrast the sensitivities and temporal characteristics of both the Madsen
(model ZO-70) and the Zwislocki Bridge. The examiners noted that a
smaller acoustic-impedance change could be identified with the Madsen ZO-
70 than with the Zwislocki bridge; they attributed this finding primarily to the
reduced noise-floor of the Madsen device. As a follow-up study, they used a
computer-averaging technique to determine “whether a response to an
impedance change existed within the Zwislocki Bridge noise-band and
whether our ability to extract it visually was limited by the equipment” (p.
171). A clear response for the Zwislocki Bridge was identified with
computer averaging, thus supporting Morgan ef al.’s contention that
temporal-integration differences among studies, as well as discrepancies in

absolute ART are due, at least partially, to differing instrument
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characteristics. Therefore, Morgan ef al. stress the importance of accurate
specification of the measurement characteristics of acoustic-impedance
devices, as well as consistent definition of ART.

Morgan et al. (1977) also conducted an experiment to measure
temporal integration of the AR at threshold and suprathreshold levels using
the two aforementioned acoustic-immittance devices. The investigators
obtained ARTs and ARGFs from 3 young adults with normal hearing (no
specification of age range or criteria for normalcy). Six activating signal
durations (non-randomized) were employed (25, 50, 100, 250, 500, and 1000
msec) for 2000-Hz and BBN stimuli. The ART was determined via a visual-
detection method. The ARGFs for the 50- and 500-msec stimuli were
specified in terms of percent of the maximum voltage change measured for
the 1000-msec stimulus. The results indicated clear differences in the ART
data obtained by the two instruments. The difference in ART between the
two instruments was greater for short-duration stimuli (25, 50, and 100 msec)
and less for the long-duration stimuli (250, 500, and 1000 msec). At all
durations, the Madsen instrument permitted detection of the threshold change
in acoustic impedance at lower SPL than the Zwislocki device. The NTD was
approximately the same for both instruments, but the intensity-duration
tradeoff differed considerably between the two, being about 25 dB for the
Zwislocki bridge and about 7 dB for the Madsen device. Interestingly, only

slight differences existed between the two instruments at suprathreshold
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levels (i.e., at the SPL associated with an impedance change that represents
20% of the maximum). The ART difference between 25 and 250 msec is 26-
29 dB for the 2000-Hz stimulus and 29-32 dB for the BBN stimulus.
Observing the large inter-instrument differences for threshold and not for
suprathreshold AR measurements, Morgan ef al. hypothesized that as the
intensity of the activating stimulus is increased, concomitantly increasing the
acoustic-impedance change, the instrumentation differences disappear. In
addition, Morgan ef al. postulated that the instrumentation differences noted
at threshold and not suprathreshold levels suggest a change in the temporal-
integration function between these levels when the functions from the most
sensitive impedance-measurement system are compared. The data
demonstrated, in agreement with Jerger ef al. (1977), an increase in the slope
of the temporal-integration function between threshold and suprathreshold
levels.

Lastly, using the more sensitive Madsen ZO-70, Morgan ef al.
investigated the effect of tonal activator frequency (250-4000 Hz) on
temporal integration of the ART for activator duration of 25, 50, 100, 250,
500, and 1000 msec. Subjects comprised 6 normal-hearing adults
(unspecified age and criteria for normal-hearing sensitivity). In agreement
with the findings of previous investigators such as Djupesland et al. (1973),
who used narrow-band noise, and Richards (1975), Woodford et al. (1975)

Barry and Resnick (1976), and Jerger ef al. (1977), who used pure tones,
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Morgan ez al. found a frequency effect. In agreement with Richards (1975),
the AR temporal-integration data indicated a steeper slope for higher than
lower frequencies. Morgan ef al. asserted that evidence from their data does
not necessarily support the explanation of Djupesland ez al. (1973) of
integration-function difference across frequency on the basis of middle-ear
muscle contraction effects. They postulated that differences in calibration
procedures could account for the apparent ART differences among the tonal
activators. Additionally, the slope differences, when plotted in dB/msec-
change, do not support a clear boundary between frequencies above and
below 1000 Hz, as suggested by Djupesland et al. (1973).

Goodman and Richards (1977) commented upon the considerable
diversity among the studies with respect to thresholds, slopes, and
morphology of the temporal integration functions for the ART. Goodman
and Richards cited the hypothesis of Morgan et al. (1977) and Jerger et al.
(1977) that the diversity of results may be attributed to “instrument noise and
to an interaction between instrument noise and differences in rate of growth
of amplitude of the acoustic reflex as a function of signal duration” (p. 191).
Goodman and Richards postulated that there are sources of noise in addition
to instrument noise. These comprise, according to the authors:

(a) experimenter “noise” including differences in criteria for ART;

(b) experimenter bias; (c) use of VDT techniques; (d) perhaps the observer’s
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visual acuity; and (e) physiologic noise. Morgan ez al. (1977) also
commented on the inherent problems of experimenter bias with use of VDT
methods. Block and Wightman (1977) particularly note the lack of
agreement on an operational definition of the ART.

Given the general plethora of problems with respect to the
measurement of temporal integration that has been cited by many
investigators, Goodman and Richards (1977) attempted, primarily, to address
the questions of within-subject variability both within and between sessions
and inter-subject variability. They used bands of noise (centered at 1000 and
4000 Hz) as the activating stimuli for 11 young adult subjects (8 females and
8 males, age range of 22 to 25 years). The hearing threshold levels did not
exceed 15 dB HL (unspecified range of frequencies). An American
Electromedics Model 81 impedance meter was used to monitor contralateral
changes in impedance. Threshold was bracketed. The ART was the level at
which a clear time-locked meter deflection was observed by each of two or
three investigators in at least 50%, and most often 70-100%, of
approximately 10 trials. One of the purposes of the study was “to use a
criterion and procedure for determination of reflex threshold that (1) would
decrease within-subject variability, (2) would be simple to replicate, (3)
would lessen experimenter bias, (4) would reduce some of the effects of
instrument noise, and (5) would make use of relatively simple equipment

available in clinical laboratories” (p. 202).
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The results indicate that Goodman and Richards (1977) were
successful in reducing within-subject variability within-session, that within-
subject variability between sessions was minimal, and that to some extent,
overall inter-subject variability was diminished. But significant differences
still exist in the intensity-duration functions, particularly at 4000 Hz (for the
decade of 20 to 200 msec), between this study and other studies (Richards,
1975; Woodford et al., 1975; Jerger et al., 1977; Morgan et al., 1977,
Djupesland er al.,, 1973; Richards and Goodman, 1977). The disparity in
results can appear even greater depending upon the decade studied or the
criterion for ART. In addition to being aware of differences in data across
studies, one must also be cognizant of the large range of temporal integration
values among subjects within a single study, associated with a general lack of
consistency in frequency dependence. Goodman and Richards feel that both
differences (differences across, and differences within studies) are important
and relevant to establishing normative values for clinical studies and that
“examination of the latter may shed some light on the former” (p. 198). They
suggest that a signal-averaging procedure along with a precisely defined
criterion for ART should supplant any VDT method. But, as mentioned
earlier, although computer-averaging techniques were introduced to obtain an
ART at a lower levels than that obtained via conventional methods, the ART
acquired by the former method is similar to that acquired by using 1-2 dB

increments with a strip-chart recorder (Gelfand, 1984; Popelka, 1981).
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Whereas previous research had investigated temporal integration of
the ART in only normal-hearing subjects, Woodford, Henderson, Hamernik
and Feldman (1975) studied temporal integration of the ART for tonal
activators (500-4000 Hz) in both normal-hearing (5 males and 5 females) and
hearing-impaired (3 males with sensorineural hearing loss of cochlear origin)
subjects. The investigators used three different acoustic-immittance meters
in this study: (a) Madsen Z0-70; (b) Grason-Stadler 1720; and (c) Grason-
Stadler-Zwislocki model 3. The results were determined to be independent
of the device used, since no ART differences exceeding 4 dB were found
among instruments. In contrast to Djupesland and Zwislocki (1973),
Woodford ef al. found their data demonstrated a 15-dB rather than 25-dB
tradeoff per decade change. Woodford ez al. also noted (as did Djupesland et
al., 1973) a slight frequency effect on the temporal integration of the ART
function with the lower frequencies (500 and 1000 Hz) having a flatter
function than the higher frequencies (3000 and 4000 Hz). Although this
research pointed to a gender effect, with males showing a uniformly flatter
ART temporal integration function than females, the authors were quick to
point out the admitted exposure to high-level noise experienced by each of
the five male subjects, with consequent “subclinical noise-induced cochlear
pathology” (p. 53). Woodford ef al. reported that the generally flattened
integration curves of the hearing-impaired subjects demonstrated

considerable overlap with functions of the “normal-hearing” males, but not
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with those of the normal-hearing females. One must be cognizant, however,
of the very limited number of hearing-impaired subjects in this study (n = 3),
as in all studies using hearing-impaired subjects.

Singh and Greenberg (1976) and Feldman and Katz (1978) followed
Woodford ez al. (1975) with studies of ART temporal integration in normal-
hearing and hearing-impaired subjects. There is, however, extensive
variation in the amount of temporal integration, as well as overiap among the
data for the normal-hearing and hearing-impaired subjects reported by these
researchers. This is important in light of the small number of subjects in each
of the studies. Singh and Greenberg (1976) obtained AR temporal
integration measures on normal-hearing and sensorineural hearing-impaired
subjects. Activating stimuli consisted of one-third octave-band noises (center
frequencies of 500 to 4000 Hz); their duration ranged from 15 to 300 msec.
The subjects consisted of 16 young normal-hearing males and females (mean

age of 21 years) as well as 6 hearing-impaired persons (3 with bilateral
Méniére’s disease and 3 with presbycusis).

Singh and Greenberg (1976) reported a reduced amount of temporal
integration for the sensorineural hearing- impaired subjects; the amount of
temporal integration was in general agreement with that reported by

Woodford et al. (1975). They noted that the ears with Méniére’s disease are

clearly differentiated from normal ears with respect to temporal integration
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measurements that is, the amount of AR temporal integration for the subjects

with Méniere’s was less than that for the normal-hearing subjects. The

amount of AR temporal integration for the presbycusic subjects fell between

that for the normal subjects and that for subjects with Méniére’s. But the

amount of temporal integration for the normal-hearing subjects was 16-20
dB, in contrast to the findings of previous researchers (Djupesland and
Zwislocki, 1971; Djupesland ez al., 1973; Woodford et al., 1975), who
observed AR temporal integration amounts ranging between 20-35 dB, using
pure-tone stimuli and octave-noise bands. Singh and Greenberg suggested
that the differences between studies might be due to the use of stimuli of
differing durations. Singh and Greenberg also obtained ARTs for one-third-
octave-band noises at lower sound pressure levels than those obtained by
Djupesland et al. (1973). They proposed that the ART differences are due to
a difference in AR response criteria. In contrast to the findings of Woodford
el al. (1975), Singh and Greenberg’s ARTs for the normal-hearing subjects
generally failed to show any differences in the shape of the temporal
integration curves as a function of frequency.

Feldman and Katz (1978) investigated the effects of activating
stimulus duration and interstimulus interval on the ART in 10 normal-hearing
subjects and 10 subjects with mild sensorineural hearing loss of cochlear

origin. The activating stimulus was a 1000-Hz pure tone with on-off times of
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500-500 and 30-30 msec. Feldman and Katz found the same effect for both
groups of subjects.

Investigators have suggested that the relation between the ART and
the duration of the activator presents a potential area of exploration for the
development of an objective site-of-lesion test. Korabic and Cudahy’s (1984)
study attempted to clarify the effect of stimulus duration on the contralateral
ART for both normal and sensorineural ears. Three normal hearing and three
sensorineural hearing loss individuals (22 to 33 years of age) were used as
subjects. The criteria for the normal subjects were pure-tone thresholds less
than or equal to S dB HL from 250 to 8000 Hz. For the sensorineural
subjects, the pure-tone thresholds were less than or equal to 10 dB HL at
1000 Hz with an average loss at 2000, 3000, and 4000 Hz of at least 25 dB
HL. The range in magnitude of loss at 3000 Hz was 20 to 40 dB HL. The
ARTs were elicited by three stimuli (1000-Hz, 3000-Hz, and BBN) across six
durations between 20 and 500 msec. The authors used both clinical methods
and signal averaging. In order to observe the effect of criteria for
establishing the threshold of the AR on the ART and ART temporal
integration, the AR data were analyzed using three ART criteria: (a) baseline
change threshold (BCT), defined as the lowest intensity resulting in a time-
locked base-line shift in acoustic immittance in a positive or negative
direction for an average of 16 presentations of the signal; (b) visual-detection

threshold (VDT), defined as the lowest intensity resulting in a time-locked

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



95

positive base-line shift in acoustic immittance for an average of 16 signal
presentations; and (c) meter-change threshold (MCT), defined as the lowest
intensity resulting in an observable time-locked positive deflection of the
meter on the Madsen ZO-70.

In correspondence with the literature on temporal integration, Korabic
and Cudahy (1984) found that the ART methods and definitions used have a
notable influence on both ART and ART temporal integration for both
normal and sensorineural hearing-impaired subjects. For example, for a 1000-
Hz tonal activator of 20-msec duration, the median ART was 94 dB SPL
using BCT, 100 dB SPL using VDT, and 105 dB SPL using MCT. Thus, the
ART varies by as much as 11 dB, depending on ART methods and definition.
In addition, as the duration of the activating stimulus decreases, the
difference in the ART between the BCT and VDT methods, as well as the
difference in ART between the BCT and MCT methods increases. The
dependence of the ART on definition increases as the duration of the
activating stimulus decreased, with the difference as great as 26 dB between
definitions for a 20-msec activating stimulus. Korabic and Cudahy
emphasize that “since the ART will vary depending on the definition of
reflex threshold, and this effect is dependent on duration, it follows that
reflex temporal integration measured at threshold will also vary depending on

reflex threshold definition” (p. 335).
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The VDT data of Korabic and Cudahy (1984) are in accord with the
VDT data obtained by Jerger ef al. (1977). Itis of interest to note that the
MCT results obtained by the former authors are not in agreement with those
of Woodford et al. (1975) and Djupesland and Zwislocki (1971), who also
employd the MCT method. Instrumentation differences may account for the
discrepancies among these investigators.

Korabic and Cudahy’s (1984) data also revealed a frequency effect.
As frequency increases, the amount of ART temporal integration increases
for MCT. This frequency effect previously was observed by Djupesland and
Zwislocki (1971), Jerger et al. (1977), Morgan et al. (1977), and Woodford ef
al. (1975). Korabic and Cudahy noted little or no frequency effect on the
ARTs elicited by BCT and VDT with respect to amount of temporal
integration. As for the normal-hearing subjects, the individual and median
ART data for the 1000- and 3000-Hz tonal activators from the sensorineural
subjects revealed that the ART varies with definition. The smallest
differences in ART between the normal and sensorineural hearing-impaired
subjects were obtained with the BCT definition, whereas the largest
differences in ART between the groups were obtained with the MCT
definition. The sensorineural hearing-impaired subjects also demonstrated a
frequency effect whereby the amount of ART temporal integration increases
as activator frequency increases. The median results suggest that the

sensorineural listeners have poorer ARTs than normal-hearing subjects,
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independent of the ART definition. Woodford ef al. (1975) suggested that
the amount of temporal integration for the ART is reduced in ears with
sensorineural hearing loss of cochlear origin (sample size of 3 subjects). The
ART data of Korabic and Cudahy (1984) using MCT are in agreement with
those of Woodford ef al. The ART results using VDT imply that the amount
of temporal integration for ART for sensorineural subjects is somewhat
greater than that for normal-hearing persons. The ART using BCT suggest
small, if any, differences in amount of temporal integration for the ART
between groups. However, these data must be interpreted with caution as
they are based on a very small sample size (n = 3 for Korabic & Cudahy,
1984 and Woodford ef al.. 1975). The absence of statistical power in the
pathological subjects because of inadequate sample size makes it difficult to
generalize from the data or to draw appropriate conclusions.

Korabic and Cudahy’s (1984) also reported a lower ART for the BBN
than tonal activator This finding is in agreement with the literature
(Djupesland & Zwislocki, 1973; Flottorp et al., 1971; Margolis & Popelka,
1975; Popelka et al., 1976, Silman, 1979; Silverman ef al., 1983). Moreover,
the ARTs for the sensorineural subjects were elevated relative to those for the
normal subjects, as reported by other investigators (Jerger et al_, 1974;
Margolis & Fox, 1977; Popelka et al., 1976; Silman et al., 1978, 1984). For
BBN activating stimuli, the amount of temporal integration of the ART was

similar for both groups using VDT and MCT. But the amount of temporal
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integration for the ART using BCT did show a difference between groups.
The greatest difference (19 dB) between groups was found for a BBN
activator of 20-msec duration. The hearing-impaired group demonstrated a

greater amount of temporal integration of the ART than the normal-hearing

group.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99

Chapter 3
Methodology

1. Subjects
The subjects consisted of two groups of normal-hearing adults: one group of
20 young adults (10 men and 10 women between 18-29 years of age) and one
group of 20 older adults (10 men and 10 women between 59-75 years of age).

All subjects in both groups met the following criteria: (a) air-
conduction thresholds less than or equal to 20 dB HL at the octave
frequencies from 250 Hz to 8000 Hz (ANSI, 1989); (b) bone-conduction
thresholds (ANSI, 1981) from 250 Hz to 4000 Hz within S dB of the air-
conduction thresholds; (c) tympanometric peak pressure within + 50 daPa;
(d) static-acoustic middle-ear admittance not less than 0.35 mmho (Jerger,
1970; Silman & Silverman, 1991); (e) contralateral acoustic reflexes present
(for the 500-Hz, 1000-Hz and 2000-Hz tonal activators) within the 90"
percentiles (Silman & Gelfand, 1981); (f) normal otoscopic findings; and (g)
negative otologic and neurologic histories. (The subject informed consent
form appears in Appendix B.)

Tables 2a and 2b show the means, ranges, and standard deviations for
pure-tone thresholds for younger and older subjects, respectively. The

individual data for hearing-threshold levels can be found in Appendix A.1.
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The individual tympanometric peak pressures and static-acoustic middle-ear
admittances are shown in Appendix A.2. The individual clinical ART data

are shown in Appendix A.3.
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Table 2a

Means, Ranges, and Standard Deviations (in dB HL)
for Pure-Tone Thresholds for Younger Subjects

250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Right Ear Mean 3.00 2.00 2.75 1.25 1.00 1,00
Range 0-10 0-5 0-10 0-10 0-5 0-5
SD 340 251 343 2.75 2,05 2.05
Left Ear Mean 2,75 2.50 3.25 1.00 1.75 2.50
Range 0-10 0-10 0-5 0-10 0-10 0-5
SDh 3.43 3.44 245 2.62 2.94 2.56
Table 2b
Means, Ranges, and Standard Deviations (in dB HL)
for Pure-Tone Thresholds for Older Subjects
250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Right Ear Mean 10.25 10.0 10,0 9.25 11.0 15.5
Range 5-20 5-20 5-20 5-20 0-20 0-20
SD 4.99 4.87 6.34 6.34 5.98 5.83
Left Ear Mean 9.55 9.25 7.5 8.75 11.75 16.25
Range 0-20 0-20 0-20 0-20 0-20 5-20
Sb 4.74 6.13 5.50 6.46 5.68 5.35
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2. Procedure

The order of ear and activating stimulus tested was counterbalanced.
The activating stimulus duration was randomized. Six seconds was selected
as the inter-stimulus interval; Jerger and Oliver (1987) identified this inter-
stimulus interval as optimal. The contralateral mode of activating signal
presentation was employed whereby the earphone was placed on the test ear
and the acoustic-admittance change was monitored in the contralateral ear
with a digital strip-chart recorder. (Appendix C.1 illustrates the principle of
operation of a linear array recorder.) The activating stimulus was presented
below the expected ART and the intensity of the activating stimulus was
increased in 1-dB increments until there was an observed, reliable ART. The
ART was determined by visual inspection of the strip-chart recorder. Each
response was considered as such if its pattern was distinguishable from
background noise. The response was considered acceptable if it was
repeatable over 3 trials at the same level (Silman, Popelka & Gelfand, 1978).

See Figure 4 for an example of a typical subject’s AR response.
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Figure 4. Example of a typical AR response. (A) shows the stimulus
intensity and duration and (B) shows the acoustic-immittance change
during AR activation.
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3. Instrumentation and Calibration

See Appendix C.2 for a block diagram of instrumentation and set-up.

The air-conduction and bone-conduction thresholds were obtained in
an IAC double-walled sound-treated booth (Acoustics Systems, Model
18997A). The air conduction pure-tone thresholds were obtained using a GS-
16 audiometer with TDH-49 air-conduction transducers mounted in (MX-
41AR) cushions. The bone-conduction thresholds were obtained with a
Radioear (Model B-71) transducer.

Calibration for bone-conduction stimuli was done periodically,
according to ANSI standards (1989), with biologic checks prior to each test
session. The air-conduction signals were calibrated using a digital sound-
level meter (Quest Model OB-300) with a third-octave band analyzer,
condenser microphone, 6-cm’ coupler (NBS 9-A), 500-gm weight, and
frequency counter (Quest Audiometer Analyzer, Model AA-175). All sound-
pressure level (SPL) values are in dB re: 2x10  N/m?. The air-conduction
signals for a TDH-49 earphone met ANSI specifications (83.6-1989) (see
Appendix D.1, which shows the results for a typical calibration). The total
harmonic distortion and rise and fall times of the signal met ANSI (S3.6-
1989) specifications. Each frequency of the diagnostic audiometer was found
to be within 3% of the nominal frequency, according to ANSI (S3.6-1989)

(see Appendix D.2). The attenuator linearity also met ANSI (S3.6-1989)
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specifications. The ambient noise inside the audiometric sound-treated suite
did not exceed the levels specified in ANSI 1977 (R1986).

Measurement of the latency of the acoustic-immittance device (GS-
1723) was done using the procedure described by Silman and Gelfand (1982)
involving measurement of the first detectable acoustic-immittance change in
a cavity. The latency of the electroacoustic immittance device is defined as
“the time from stimulus onset to the first detectable immittance change”
(p.126). The latency was established to be 12 msec, consistent with other
commercially available devices.

The acoustic-immittance measurements and temporal integration for
the AR were measured in a laboratory. This laboratory was found to be
adequately quiet for those procedures as indicated by the 1/3 octave-band
measurements of ambient noise made with the digital sound-level meter
(linear weighting). The ambient noise level at 1000 Hz was 40.4 dB SPL, far
below the level that might elicit the AR. In addition, attenuation by the
earphone was approximately 20 dB, further reducing any ambient noise
reaching the ear. The overall intensity of the ambient noise in the laboratory,
using the C-weighting scale, was 64.7 dB SPL. Again, when considering the
additional attenuation of about 20 dB for the earphone, the noise in the room
was much below the levels that could evoke the AR.

The activating stimuli consisted of a 1000-Hz pure tone and a BBN

signal. A 1000-Hz tonal activator was selected because it is less likely to be
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affected by adaptation than higher-frequency activators (Wilson, Shanks, &
Lilly, 1984). A BBN activator was employed because BBN activators are
employed in prediction of hearing impairment from the ART and BBN
signals frequently show aging effects prior to tonal signals.

The 1000-Hz signal was generated by a signal generator (Model S 81-
06) and the BBN signal was generated by a white-noise generator (Model S
81-02). Each signal was routed first into a programmable attenuator (S 85-
08) and up-down counter (S 41-28), for control of intensity. The output of
the up-down counter was directed to the electronic switch (S 84-04) that
controlled the rise and fall of the stimulus (3 msec rise/fall). The signal from
the electronic switch was directed into an S 82-24 amplifier, the electrical
output of which was routed to a TDH-49 transducer (encased in a
Telephonics Corp. P/N 510C017-1 cushion) that delivered the activating
signal. The activating stimulus duration and inter-stimulus interval were
controlled by the timers (Universal C 53-21 and S 53-21), that controlled the
on-off cycle of the electronic switch.

The acoustic-admittance change for the 220-Hz probe tone was
monitored with an electroacoustic immittance device (GSI 1723 Middle Ear
Analyzer) connected tG one channel of a two-channel digital strip-chart
recorder (Gould-Easy Graf TA 240 Strip Chart Recorder with a resolution of
5000 Hz). The second channel of the recorder was used as an event marker

and was controlled by the Coulbourn computer output (Model S 62-06). The
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decision to use a digital strip-chart recorder for recording the response was
based upon the observation of many investigators that the range of ART
values between and among studies is narrowest when using this device (see
the review of literature and Gelfand, 1984).

The activating signals were calibrated in a digital sound-level meter
(Quest Model OB-300) with a coupler (Model EC-9A) and frequency counter
(Quest AA-175). All sound-pressure level (SPL) values are in dB re 2 x 10~
N/m?.

In order to account for the time constant of the sound-level meter for
short-duration signals, the following procedure was performed: First, the
intensity was measured for a signal duration of over 60 seconds using the
Fast mode; its value in SPL was recorded and its voltage value was noted on
the oscilloscope (Model 510 3N Tektronix). Next, the SPL was measured for
each of the eight durations (12 msec, 25 msec, SO msec, 100 msec, 200 msec,
300 msec, 500 msec, and 1000 msec). The difference between the recorded
SPL at a specified short duration and the SPL at 60 seconds was measured for
each of the short-duration stimuli. These differences were assumed to reflect
the time-constant of the sound-level meter and were then added as a
correction factor. Figure 5a indicates the manufacturer’s values for the
relation between signal duration and intensity. Figures 5b and Sc show the
intensity values obtained at each duration during the aforementioned

calibration) for a 1000-Hz signal and BBN signal, respectively. Note the
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obtained from our calibration. Therefore, based on these results, we judged

the calibration of the duration of the stimulus activator to the relative

response in the SLM to be reliable.
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Figure Sa. Manufacturer-determined relation between the duration of the

stimulus activator and relative response in dB (adapted from Quest manual).
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Figure Sb. The relation between the duration of a 1000-Hz stimulus
activator and intensity (dB SPL) based on our calibration.
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Figure Sc. The relation between the duration of a BBN stimulus activator
and intensity (dB SPL) based on our calibration.

The acoustic-admittance device was calibrated to a standard volume
of 2 ml for static-acoustic admittance. The sensitivity of meter deflection
during AR set to full scale of 0.5 ml (which recorded a full deflection) was
equal to 0.5 ml, as specified by the manufacturer. This calibration was
confirmed by coupling the probe assembly to a microsyringe (Gilmont Model
S1200) set to a full-scale deflection of 0.5 ml. Such calibration insures that
any meter deflection will correspond with the values (in ul) indicated in the
manufacturer’s instrument manuals and in our own calibration.

Duration, inter-stimulus interval, and rise and fall times of the
experimental stimuli, controlled by the electronic switches (S 84-04) and
timers (C 53-21 and S 53-21), were checked by a B&K Precision Dynascan

20 MHz digital storage oscilloscope (Model 2520). The rise and fall times
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also were calibrated using the Quest Audiometer Analyzer (Model AA-175).
Bandwidth was measured at the 2 power points as viewed on the Hewlett
Packard Spectrum Real-Time Analyzer (Model 3582A). The 1000-Hz tonal
activating stimulus (12-msec duration) exhibited a bandwidth of 120 Hz (60
Hz on each side of the center frequency). The first lobe was noted to be well
below 30 dB on each side of the center. This insured that spectral splatter
had a limited effect on the measurement of the ART. At 999 msec duration,
the intensities of second and third harmonics were more than 30 dB below
that of the first harmonic.

The spectral analysis of the signals was done acoustically in the
following manner: The output from the amplifier was routed to the TDH-49
earphone coupled with a 6-cc coupler (Quest — Model EC-9A) to the digital
sound-level meter (Quest Model OB-300). The AC output of the sound-level
meter was routed to the Hewlett Packard Spectrum Analyzer (Model 3582A).
Spectral analysis of the BBN activating signal was accomplished in the same
manner as that for the 1000-Hz stimulus. A uniform spectrum was indicated
up to approximately 6,280 Hz, the 3-dB down point, at which frequency
rollover of approximately 20 dB/octave continued until 10,000 Hz. This was
the case for both the 1000- and 12-msec activating signal durations. The
frequency response of the TDH-49 earphone was measured and is shown in
Appendix D.3. Initial calibration of the experimental stimulus also included

measurement of attenuator linearity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



111

4. Statistical Design and Data Analysis

In order to investigate subproblems 1 and 2, a two-factor design with
repeated measures on the second factor was used. The dependent variables
were the ART for a BBN activator and ART for a 1000-Hz tonal activator at
a specified duration.

The analysis of variance design took the following form:

Source of Variation SS df MS F p

Between Subjects
Age (Young vs Older)
Error (1)

Within Subjects
Duration

Age x Duration
Error (2)

The independent variables were age (young versus older) and activating
signal duration (eight durations)

Furthermore, for subproblems 1 and 2, an analysis of trend was made
for the best fit polynomial to the relation (linear, cubic, quadratic) between
the ARTs and signal duration for both groups.

The data for subproblem 3 resulted from the simple subtraction
(NTD) of the BBN ART from the tonal ART in the young and older groups
at each duration

In order to investigate subproblem 4, descriptive statistics

(mean, mode, median, standard deviation, standard error of the mean, range,
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skewness, minimum value, maximum value) were obtained for each signal at

each duration, for each group.
Power Analysis
The design used in this study was a two-factor design with repeated

measures on the second factor. The data collection took the following form:

DURATION
Subjects | 12 25 50 100 [ 200 |[300 |S500 | 1000
1
Younger
N
1
Older .
N

The between-subjects factor was age (younger versus older adults) and the

within-subjects factor was activator duration (repeated measures).

Using Cohen’s table (8.3.12), the required sample size for a power of

0.80 and effect size of 0.60, is 20 younger subjects and 20 older subjects,

yielding a total of 40 subjects.
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The power analysis table took the following form:

Source of Variation _df Effect Size Power
Between Subjects
Age (Young vs Older) 1 0.60 0.80
Error (1) 22
Within Subjects
Duration 7 0.65 0.80
Age x Duration 7
Error (2) 154

The within-subjects effect size and power are provided by formulas
given in Cohen (1988) and using table 8.3.17. The effective sample size is

given by formula (8.3.4)

denominator df
n'= +1

u+1
and is equal to 20. With a power of 0.80, the moderate effect size is equal to

approximately 0.65.
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Chapter 4
Results

This study addressed four subproblems relative to temporal
integration of the acoustic-reflex threshold and its age-related changes.
These included: (a) the investigation of whether temporal integration of the
BBN ART in the older subjects differs from that in the younger subjects; (b)
the investigation of whether temporal integration of the 1000-Hz ART in the
older subjects differs from that in the younger subjects; (c) the investigation
of whether the NTD in the older subjects differs from that in the younger
subjects; and (d) the description of the characteristics of temporal integration
of the ART in the younger vs. older adult subjects.

The data were analyzed using the General Linear Models statistical
package, which is part of the Statistical Package for the Social Sciences.

Analysis of Subproblem 1: The investigation of whether temporal
integration of the BBN ART in the older subjects differs from that in the
younger subjects at the following activator durations: 12 msec, 25 msec, 50
msec, 100 msec, 200 msec, 300 msec, S00 msec, and 1000 msec.

The data were analyzed using a repeated measures analysis of
covariance. The between-subjects factor was age and the within-subjects
factor was BBN activator duration. The fixed, or “constant” covariate was
hearing threshold level at 250 Hz, 500 Hz, 1000 Hz, 2000 Hz, 4000 Hz, and

8000 Hz). For this subproblem, it was preferable to use the multivariate
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design supplemented by the more conservative corrected univariate
Greenhouse-Geisser procedure. Because the within-subjects factor in this
subproblem has more than two levels (there are eight durations) certain
symmetry conditions, or assumptions, are made. If these assumptions are
violated, the statistical resuits for the univariate test (the Greenhouse-Geisser)
are too likely to yield significant results.

In order to test for symmetry conditions, we used the following two
tests: Box’s Test of Equality of Covariance Matrices and Mauchly’s Test of
Sphericity. Box’s Test of Equality determines whether the correlation
between the two age groups, i.e., between the younger and older subjects, is
equal. Mauchly’s Test of Sphericity investigates the existence of a
significant correlation within the pooled group of subjects. The results of
Box’s Test (see Table 3) were significant (p = .043) suggesting a lack of
correlation between the groups. Mauchly’s Test of Sphericity indicated
significance (p = 0.000) suggesting absence of correlation within the pooled
group (see Table 4). The latter result violated the condition of symmetry;
therefore, the analysis of subproblem 1 depended largely on the multivariate

design which does not rely on the symmetry condition.
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Box’s Test of Equality of Covariance Matrices
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Box’s M 67.164
F 1.440
dfl 36
df2 4859
Sig. 0.043
Table 4
Mauchly’s Test of Sphericity
Within
Subjects Mauchly’s Approx.
Effect W Chi-Square Df Sig.
DURATION 0.008 165.038 27 0.000

Inspection of the multivariate results for this subproblem

(see Table 5) indicates a significant main effect (p = 0.000) for duration, the

within-subjects variable. That is, as the activator duration increases, the BBN

ART decreases. Figure 6 (the within-group estimated marginal means)

indicates this effect, i.e., as duration increases, ART for BBN decreases for

both groups. For example, the BBN ART at 12 msec is approximately 114

dB SPL whereas it decreased to about 91 dB SPL at 1000 msec. Further

perusal of Table 5 reveals the absence of a significant interaction effect for

duration x age (p = 0.264). Inspection of Table 6 (tests of between-subjects

effects) reveals a significant main effect (p = 0.041) for age. That s,

threshold for the younger group is significantly different from threshold for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




‘uoissiwiad noyum pauqiyosd uononpoidas Joyund “Jaumo ybuAdood suy jo uolssiwliad yum paonposday

Multivariate Tests for Subproblem 1
Temporal Integration for the ART

Table 5§

for the BBN Activator
Hypothesis
Effect Value F df Error df Sig.
DURATION Pillai’s Trace 716 11.162 7.000 31.000 000
Wilks’ Lambda 284 11.162 7.000 31.000 000
Hotelling’s Trace 2.521 11.162 7.000 31.000 000
Roy’s Largest Root | 1 571 11.162 7.000 31.000 000
DURATION * HEARING LEVEL _ Pillai’s Trace 115 576 7.000 31.000 770
Wilks’ Lambda 885 576 7.000 31.000 770
Hotelling’s Trace 130 576 7.000 31.000 770
Roy’s Largest Root 130 576 7.000 31,000 770
DURATION * AGEGROUP Pillai’s Trace 233 1.344 7.000 31,000 264
Wilks® Lambda 767 1.344 7.000 31.000 264
Hotelling’s Trace 303 1.344 7,000 31.000 264
Roy’s Largest Root 303 1,344 7,000 31.000 264

L11
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the older group (see Figure 7). Because the curves for the two groups appear
to be visually different, we opted to apply the Greenhouse-Geisser procedure
(the univariate procedure which is stronger than the multivariate test and
whose results are generally used to substantiate the multivariate) in order to
test for an interaction between duration and age group. Note the significant

interaction (p = 0.019) in Table 7.

120

Estimated Marginal
Means
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Figure 6. Within Group Estimated Marginal Means of Response for
Subproblem 1

An examination of the polynomial trends for the duration effect
reveals an essentially linear effect based on the Type III Sum of Squares (see

Table 8 and Figure 7. (For individual BBN ART data for both groups and all

durations, see Appendix A.8)
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Table 6

Tests of Between-Subjects Effect for Subproblem 1
Temporal Integration for the BBN ART

Type I Sum Mean
Source Of Squares df Square F Sig.
Intercept 385334.504 1 385334.504 1044.246 .000
HearingLevel 779.709 | 779.709 2.113 154
AGEGROUP 1663.145 1 1663.145 4.507 .041
Error 13653.275 37 369.007
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Figure 7. Estimated Marginal Means of Response for Subproblem 1
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Table 7

Tests of Within-Subjects Effects
for Subproblem 1

Type 111
Sum of Mean
Source Squares df Square F Sig.
DURATION Sphericity Assumed | 4089.438 7 584.205 34,146 000
Greenhouse-Geisser | 4089438 | 2938 1391911 | 34.146 .000
Huynh-Feldt 4089.438 3.391 1205803 | 34.146 .000
Lower-bound 4089.438 | 1.000 | 4089.438 | 34.146 000
DURATION*HRNGLEVEL Sphericity Assumed 45,038 7 6.434 376 916
Greenhouse-Geisser 45.038 2.938 15.329 376 .766
Huynh-Feldt 45,038 3.391 13.280 376 794
Lower-Bound 45.038 1,000 45.038 376 543
DURATION*AGEGROUP _ Sphericity Assumed 415.842 7 59.406 3.472 001
Greenhouse-Geisser 415.842 2,938 141,539 3.472 019
Huynh-Feldt 415.842 3.391 122.614 3.472 014
Lower-Bound 415.842 1.000 415.842 3472 070
Error(DURATION) Sphericity Assumed 4431,178 259 17.109
Greenhouse-Geisser 4431.178 | 108.706 40.763
Huynh-Feldt 4431178 | 125.484 35.313
Lower-Bound 4431.178 | 37000 | 119.762

ocl
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Analysis of Subproblem 2: The investigation of whether temporal
integration of the 1000-Hz tonal ART in the older subjects differs from that
in the younger subjects for the following durations: 12 msec, 25 msec, 50
msec, 100 msec, 200 msec, 300 msec, 500 msec, and 1000 msec.

The data were analyzed using a repeated measures analysis of
covariance. The between-subjects factor was age and the within-subjects
factor was tonal-activator duration. The fixed, or “constant” covariate was
hearing-threshold level at 1000 Hz. The multivariate design supplemented by
the more conservative corrected univariate Greenhouse-Geisser procedure
was employed. Because the within-subjects factor in this subproblem has
more than two levels (there are eight durations), certain symmetry conditions,
or assumptions, are made. If these assumptions are violated, the statistical
resuits for the univariate test (the Greenhouse-Geisser) are too likely to yield
significant results.

In order to test for symmetry conditions, we used the following two
tests: Box’s Test of Equality of Covariance Matrices and Mauchly’s Test of
Sphericity. Box’s Test of Equality determines whether the correlation
between the two age groups, i.e., between the younger and older subjects, is
equal. Mauchly’s Test of Sphericity investigates the existence of a
significant correlation within the pooled group of subjects. The resuits of
Box’s Test (see Table 9) revealed a lack of significance (p = 0.283)

suggesting a correlation between the groups. On the other hand, Mauchly’s
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Test of Sphericity indicated significance (p = 0.000) suggesting absence of

correlation within the pooled group (see Table 10). The latter result violated

the condition of symmetry. Therefore, analysis of subproblem 2 depended

largely on the multivariate design, which does not depend on the symmetry

condition.
Table 9
Box’s Test of Equality of Covariance Matrices
Box’s M 52.333
F 1.122
dfl 36
df2 4859
Sig. 0.283
Table 10
Mauchly’s Test of Sphericity
Within
Subjects Mauchly’s Approx.
Effect w Chi-Square Df Sig.
DURATION .006 175.396 27 .000

The results of multivariate testing indicate a significant main effect

(p = 0.000) for the within-subjects factor of duration, (see Table 11) and a

non-significant main effect (p = .889) for the between-subjects factor of age,

(see Table 12). As Table 11 shows, no significant interactions involving the

within-subjects factor of duration occurred.
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Table 11

Multivariate Tests for Subproblem 2

Effect Value F Hypothesis Error df Sig.
df
DURATION Pillai’s Trace 883 33.343 7.000 31.000 .000
Wilks’ Lambda 117 33.343 7.000 31.000 .000
Hotelling’s Trace 7.529 33.343 7.000 31,000 .000
Roy’s Largest Root 7.529 33.343 7.000 31.000 .000
DURATION * HEARINGLEVEL Pillai’s Trace 083 403 7.000 31.000 .893
Wilks’ Lambda 917 403 7.000 31,000 893
Hotelling’s Trace 091 403 7.000 31.000 893
Roy’s Largest Root 091 403 7.000 31.000 893
DURATION *AGEGROUP Pillai’s Trace 192 1,051 7.000 31.000 417
Wilk’s Lambda 808 1.051 7.000 31.000 417
Hotelling’s Trace 237 1,051 7.000 31,000 417
Roy’s Largest Root 237 1.051 7.000 31.000 417
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Table 12

Tests of Between-Subjects Effect for Subproblem 2
Temporal Integration for the 1000-Hz tonal ART

Type III Sum Mean
Source Of Squares df Square F Sig.
Intercept 1445973.573 1 1445973.573 | 4137.370 | 0.00
HearingLevel 1015312 1 1015.312 2.905 | 0.097
AGEGROUP 6.960 1 6.960 0.020 | 0.889
Error 12931.167 37 349.491

An examination of the polynomial trends for the duration effect
(see Table 13) reveals that the linear and quadratic trends account for greater
than 87% of the variance in the duration effect (4233.09 + 2231.05/7397.66 =
87%). However, it seems reasonable to characterize the duration effect as
essentially linear, based on the Type III Sum of Squares indicated in this
table (see also Figure 8). For the individual 1000-Hz tonal ART for both

groups and all durations, see Appendix A.9).
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Figure 8. Estimated Marginal Means of Response for Subproblem 2
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Analysis of Subproblem 3: The investigation of whether the NTD in
the older subjects differs from that in the younger subjects.

This subproblem has the same design structure but not the same
dependent variable as in subproblems 1 and 2. The dependent variable in
subproblem 3 is the simple difference between the tonal ART and BBN ART
at each activator duration. Inspection of the multivariate results (see Table
14) for the within-subjects factor suggests the absence of any main effect or
interaction. Inspection of the results of the “Tests of Within-Subject
Contrasts” (see Table 15) finds no trend to the data through the 7th order
polynomial. Examination of the data in Table 16 (tests of between-subjects
effects) reveals that neither age group nor the covariate, hearing threshold
level, is statistically significant.

In summary, the results of this analysis indicate the absence of main
effects or interactions. Therefore, the degree of difference between the tonal
and BBN ARTs does not appear to be systematically related to age, activator
duration, the interaction of age and duration, the covariate, or the interaction

of the covariate with either age or duration.
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Table 14

Multivariate Tests for Subproblem 3

Effect Value F Hypothesis Error df Sig.
df
DURATION Pillai’s Trace 129 655 7.000 31,000 707
Wilks’ Lambda 871 655 7.000 31.000 707
Hotelling’s Trace 148 655 7.000 31,000 707
Roy’s Largest Root 148 655 7.000 31.000 707
DURATION * HEARINGLEVEL Pillai’s Trace .066 315 7.000 31.000 942
Wilks’ Lambda 934 315 7.000 31.000 942
Hotelling’s Trace 071 315 7.000 31.000 942
Roy’s Largest Root 071 315 7.000 31.000 942
DURATION *AGEGROUP Pillai’s Trace A7 916 7.000 31,000 507
Wilk’s Lambda 829 916 7.000 31.000 507
Hotelling’s Trace 207 916 7.000 31.000 507
Roy's Largest Root 207 916 7.000 31.000 507
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Table 15

Tests of Within-Subjects Contrasts for Subproblem 3

(Decomposition of the Duration Effect
into Constituent Polynomial Trends)

Type 111
Sum of Mean
Source Duration Squares df Square F Sig.
DURATION Linear 206.017 1 206.017 3.232 080
Quadratic 152.062 ! 152,062 3.023 090
Cubic 3,478 ] 3.478 131 719
Order 4 2,101 1 2,101 118 33
Order 5 24,620 l 24,620 1.616 212
Order 6 10.697 1 10.697 1.086 304
Order 7 1,023 1 1,023 065 800
DURATION*HEARINGLEVEL Linear 6.505 1 6,505 102 51
Quadratic 11.540 l 11,540 229 0635
Cubic 1.633E-04 1 1.633E-04 .000 998
Order 4 864 1 864 049 827
Order 5 33.224 ] 33.224 2,181 145
Order 6 1.699 1 1,699 Ry 680
Order 7 2.432 1 2.432 154 697
DURATION*AGEGROUP Lincar 168.271 1 168.271 2,640 113
Quadratic 17.882 1 17.882 355 355
Cubic 3.600 1 3.600 136 715
Order 4 6.119 1 6.119 344 561
Order$ 22,743 1 22,743 1.493 230
Order 6 4.527 1 4.527 459 302
Order 7 1,653 1 1,653 105 748
Error(DURATION) Lincar 2358.397 37 63.740
Quadratic 1861.371 37 50.307
Cubic 982.409 37 26.552
Order 4 657.795 37 17.778
Order 5 563.766 37 15.237
Order 6 364.603 37 9.854
Order 7 582.840 kY 15.752
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Table 16

Tests of Between-Subjects Effect on the for Subproblem 3

Type III Sum Mean
Source Of Squares df Square F Sig.
Intercept 7212.967 1 7212.967 30969 | .000
HearingLevel 163.818 1 163.818 703 | 407
AGEGROUP 149.887 1 149 887 644 | 428
Error 8617.749 37 232912

Analysis of Subproblem 4: The description of the characteristics of
temporal integration of the BBN and tonal ARTs in both normal-hearing
younger and normal-hearing older adult subjects.

As the results for subproblems 1 and 2 have revealed, an age effect
exists for the BBN ART, but not for the 1000-Hz tonal ART. In view of the
absence of an age effect on the tonal ART, and the presence of very similar
tonal ART values for both groups, the data for temporal integration of the
tonal ART were collapsed across both age and duration. Table 17 presents the
pooled sample for the tonal activator (see Appendices A 4, A.S for the
unpooled tonal ARTs). The pooled sample shows the mean, standard error of
mean, median, mode, standard error of the mean, standard deviation,
skewness, range, minimum and maximum values. Two observations
regarding these pooled data are worth noting: first, the inverse relationship
between duration and tonal ART for the tonal activator is consistent with the
literature (Djupesland & Zwislocki, 1971; Djupesland et al., 1973; Gelfand et

al.,1981; Jerger et al., 1977; Woodford et al., 1975); secondly, the small
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Table 17

Pooled Sample for Subproblem 4

Tonal Activator

Statistics
TMS12 TMS25 TMS50 TMS100 TMS200 TMS300 TMS500 TMS1000

N Valid 40 40 40 40 40 40 40 40

Missing 0 0 0 0 0 0 0 0
Mean 114.4625 108.8750 104.3125 100.5000 96,2500 03,4875 92,3875 91,6625
Std. Error of Mean 1.0578 1.2047 1.2045 1.3290 1.2644 1.1731 1.1470 1.0815
Median 116.5000 110,2500 105.2500 101.0000 96.0000 93.5000 92,0000 92,0000
Mode 121.00 114.00 92.00 101.00 86.00 93.00 95.00 93,00
Std. Deviation 6.6904 7.6189 7.6180 8.4056 7.9968 7.4192 7.2541 6.8401
Skewness -1,293 - 709 -271 -082 -063 159 094 -096
Range 25,00 29.00 28.00 33.00 30.00 33.00 35.00 31.00
Minimum 96.00 92,00 90.00 83.00 80.00 78.00 75.00 75,00
Maximum 121,00 121.00 118.00 116,00 110,00 111,00 110,00 106.00
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variability of these data is a finding which runs counter to the results of the
majority of previous studies (Barry & Resnick, 1976; Singh & Greenberg,
1976; Woodford et al., 1975; Feldman & Katz, 1978; Korabic & Cudahy,
1984), which showed large variability in temporal integration of the tonal
ART. The small variability is demonstrated by the closeness of the mean,
median, and mode, the small standard error of mean, and is also demonstrated
by the skewness, which approximates a normal distribution. The 95%
confidence intervals for the pooled data for the tonal ART (see Figure 9)
reveal a small standard deviation across all activator durations. (See
Appendices A.6, A.7 for unpooled 95% confidence intervals for younger and
older subjects).

The finding of a significant age effect as well as the notable
interaction between duration and age for the BBN ART necessitated the
generation of separate data for the younger and older subjects. See Tables 18
and 19 for descriptive statistics for younger and older subjects for the BBN
ART. As was the case for the tonal ART, the mean, mode, median, and the
skewness suggest small variability and a normal distribution throughout the
durations. Observe too, the 95% confidence intervals in Figures 10 and 11
for the BBN ART again presented separately for the younger and older

subjects; here again, variability is small and similar.
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Table 18

Descriptive Statistics for Younger Subjects
for Subproblem 4 for BBN Activator
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BMSI2 BMS25 BMSS0 BMS100 BMS200 BMS3100 BMS500 BMS1000

N Valid 20 20 20 20 20 20 20 20

Missing 0 0 0 0 0 0 0 0
Mean 106.7000 101,3500 95.3000 89.4500 82,3000 76,3500 73.9000 73.9250
Std. Error of Mean 2,0855 2,1102 1.9268 2,2085 18593 2,0743 1.5384 1.6272
Median 109.5000 101.5000 96,0000 89,5000 82,0000 74,5000 74,5000 74.7500
Mode 115,00 98.00 104,00 87.00 81.00 73.00 76.00 78.00
Std. Deviation 9.3265 9.4369 8.6167 9.8767 8.3152 9.2766 6.8798 7.2770
Skewness -1.060 -119 -541 -.303 -509 475 201 204
Range 31.00 32,00 29.00 38,00 34,00 36,00 27.00 29,00
Minimum 84.00 83.00 79.00 68.00 63.00 61.00 62,00 61.00
Maximum 115,00 115.00 108.00 106,00 97.00 97.00 89.00 90.00
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Chapter §
Discussion

The multivariate analysis of variance for subproblem 1 reveals two
findings. The first finding, as indicated by the within-group analysis, is that
of an inverse relationship between duration and BBN ART. Specifically, as
the activator duration increases, the BBN ART systematically decreases for
both groups. This finding is consistent with previous research (Barry &
Resnick, 1976; Bazarov & Moroz, 1975; Djupesland, Sundby, & Flottorp,
1973; Djupesland & Zwislocki, 1971; Jerger et al., 1977; Richards, 1975;
Woodford et al., 1975). The second finding, revealed by the between-group
analysis, shows a significant main effect for age for the BBN ART.

[t was previously mentioned (see Results section, subproblem 1) that
despite the slight differences in the function relating ART to activator
duration for the two age groups (see Figure 7), apparent upon visual
inspection, the results of multivariate analysis indicated a lack of significant
interaction between age and duration.

Recall from the Resuits section that further analysis was performed
using the Greenhouse-Geisser procedure to examine the question of
interaction between age and duration. The limitation of the Greenhouse-
Geisser procedure is that analysis may falsely reveal a significant difference
when there is an absence of symmetry between groups. A significant

difference, when there is absence of symmetry, may be accepted if there is
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other supporting evidence. Although there was an absence of symmetry
between the two age groups, we are inclined to accept the results of this
procedure relating to the presence of an interaction. First, visual inspection
of the two functions (see Figure 7) reveals that the function relating BBN
ART to activator duration for the young group is steeper and plateaus later
than that for the older group. Second, pairwise analysis (see Table 20)
indicates a statistically significant difference between the two age groups
beginning at 200 msec. Both the levels of significance and the differences in
the means of the BBN ART between the younger versus older subjects
generally become larger as a function of activator duration. As Figure 7
shows, the tradeoff between activator duration up to 300 msec and BBN ART
is 33 dB for the younger group and 21 dB for the older group. Therefore,
there seems to be a significant interaction between age and duration on the
BBN ART, in addition to the main effect of age on the BBN ART.
Furthermore, comparison of the slopes of the function relating ART to
activator duration (as measured between 12 ms and 300 ms—the plateau
point) for younger and older subjects indicates that the slope of the function
for the BBN activator in the young group (see Figure 7) is much steeper (33
dB) than that for the tonal activator in the pooled group (21 dB) (see Figure

8). These results are consistent with those of Jerger et al (1977) who also
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Pairwise Comparisons for Subproblem 1

Table 20

Mean 95% Confidence Interval
Difference for Difference’
Duration (ms) (I) AGEGROUP (J) AGEGROUP {a-) Std. Error Sig. Lower Upper
Bound Bound
12 1,00 Younger 2,00 Older -2.812 5.402 606 -13,758 8,134
2.00 Older 1.00 Younger 2.812 5.402 ,606 -8.134 13,758
25 1,00 Younger 2.00 Older -2.438 5.591 665 -13,767 8.891
2.00 Older 1.00 Younger 2.438 5.591 665 -8.891 13,767
50 1.00 Younger 2,00 Older -7.209 5.511 199 -18.376 3,957
2.00 Older 1.00 Younger 7.209 5511 199 -3.957 18.376
100 1.00 Younger 2.00 Older -8.369 5.465 134 -19.442 2.704
2.00 Older 1.00 Younger 8.369 5.465 134 -2.704 19,442
200 1.00 Younger 2.00 Older -10,193* 4,586 032 -19.485 -.900
2,00 Older 1.00 Younger 10.193* 4.586 032 900 19.485
300 1.00 Younger 2.00 Older -14,642* 5.010 .006 -24,793 -4,490
2,00 Older 1.00 Younger 14.642* 5.010 006 4.490 24,793
500 1.00 Younger 2,00 Older -14.566* 3.961 001 -22.592 -6.540
2.00 Older 1,00 Younger 14.566* 3,961 001 6.540 22.592
1000 1.00 Younger 2,00 Older -13.700* 4274 .003 -22.361 -5.040
2,00 Older 1.00 Younger 13,700* 4.274 .003 5.040 22,361

Based on estimated marginal means
*. The mean difference is significant at the .05 level
a. Adjustment for multiple comparisons; Least Significant Difference (equivalent to no adjustment)
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reported a steeper function for the BBN than tonal activator in the younger
subjects.

It is interesting to note that the slope of the function relating ART to
duration for tonal activator in the pooled group is similar to that for the BBN
activator in the older adult group. Observation of Figure 7 indicates that
threshold for temporal integration for the BBN ART in younger subjects
differs from that in older subjects. The BBN ART temporal integration
function for older subjects plateaus at approximately 300 msec, whereas that
for the younger subjects plateaus at approximately 400 msec. This suggests
that when evaluating temporal integration for BBN ART in the normal-
hearing subjects, age must be controlled. These results cannot be compared
to previous literature since the effect of age on AR temporal integration was
not previously investigated.

The observed 10-dB difference in BBN ART between the younger
and older aduits at 1000 msec is consistent with previous studies that
investigated the effect of age on the BBN ART at this duration (Silman,
1979; Gelfand & Piper, 1981; Handler & Margolis, 1977). It has been
suggested that this age-related difference in BBN ART at 1000 msec is
related to the slight differences in hearing sensitivity between the normal-
hearing young adult and the normal-hearing older adult (Jerger, 1978; 1979).

Further examination of Figure 7, reveals that at short durations such as 12
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msec and 25 msec, the BBN ART is slightly higher, by approximately 2 dB,
in the younger than older subjects. If the difference in BBN ART at 1000 or
more msec between the younger and older subjects is related to the difference
in hearing sensitivity between these groups, then we would expect magnitude
of the BBN ART at 1000 or more msec to be maintained at other signal
durations. As we see from figure 7, this was not the case.

Bredberg (1968) reported that diffuse linear degeneration of outer hair
cells (OHC:s) occurs as a function of age. He noted that a high-frequency
hearing loss appears when age-related degeneration of the sensory cells
becomes more marked both apically and basally. Lipscomb, Axelsson,
Vertes, Roettger, and Carroll (1977) supported Bredberg’s findings that
clinical hearing loss does not necessarily coexist with degeneration of the
OHCs. Therefore, it is possible that when diffuse, mild degeneration of
OHC:s occurs, it will have its effect on BBN ART but not pure-tone
thresholds. When the degeneration becomes more marked, reduction of
hearing sensitivity will occur. It is therefore likely that the difference in BBN
ART between the two age groups is due to age-related reduction in the
number of OHCs.

To elaborate on this point, observe that at shorter durations, the BBN
ARTs for the older and younger groups are essentially similar and do not
differ statistically (see Figure 7 and Table 20). As duration increases, the

BBN ART for the two age groups begins to diverge. As noted earlier, the
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temporal integration for BBN ART (i.e., point of plateau in ART) occurs
earlier for the older group (just prior to 300 ms) than for the younger group
(just prior to 500 ms). Expanding upon Bredberg’s model, it is possible to
hypothesize that as duration increases, the younger group still has sufficient
viable OHCs to recruit, thereby continuing to improve the BBN ART.
Conversely, since there is diffuse degeneration of OHCs concomitant with
aging, as duration increases, the older group has fewer OHCs available to
recruit. Consequently, the BBN ART does not continue to improve with
increases in signal duration. Thus, we observe an earlier plateau for this
group.

The similarity in BBN ART for younger and older subjects at
durations less than 200 msec, and the subsequent divergence between the two
age groups at durations equal to or greater than 200 msec can be explained.
In both age groups, the BBN ARTs at shorter durations (i.e., 12 msec, 25
msec, 50 msec, and 100 msec), are similar for both the younger and older
subjects. Also, the BBN ARTs in both age groups are substantially higher at
shorter durations (< 100 msec) than longer durations (> 100 msec). At these
lower durations, the spectrum level for BBN is roughly 60 dB. This spectrum
level reflects the contribution of the IHCs which are apparently unaffected by
age. The equal and high spectrum level for BBN explains the similarity in
BBN ART across the two age groups at shorter durations. However, at

longer durations (> 200 msec) the BBN ART is significantly lower than that
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at shorter durations. At these longer durations, the BBN spectrum level is
less than 60 dB. The lower spectrum level reflects the contribution of the
OHC:s but not IHCs. Further explanation of spectrum levels and the role of
the OHCs and IHC:s in signal processing will follow.

In order to strengthen the above theoretical proposal to explain the
difference in ART for BBN between young and older subjects, it behooves us
to find a phenomenon proven to be directly affected by the integrity of the
OHCs. Such a phenomenon should behave similarly to BBN for the older
subjects.

Otoacoustic emission (OAE) levels appear to decrease with age in a
fashion that is independent of the pure-tone threshold. It has been established
that OAEs (Kimberley & Nelson, 1989; Nelson & Kimberley, 1992;
Kimberley et al., 1994a; Kimberley e7 al., 1994b; Lonsbury-Martin, Cutler,
& Martin, 1991; Stover & Norton, 1993) are a reflection of the fundamental
nonlinear response property of the cochlea thought to be responsible for its
sharp frequency selectivity. Itis also generally accepted that these nonlinear
responses are associated with the OHC system (Bromwell, 1990). Many of
the insults to the auditory system that result in hearing loss not exceeding
moderate levels result from damaged OHCs. Damage to OHCs also produces
a number of other changes in auditory function. These include a reduction in
frequency selectivity and a loss of nonlinear responses (such as two-tone

suppression and combination-tone generation), as well as hearing threshold
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elevation (Brown, McDowell, & Forge, 1989; Dallos, Harris, Relkin, &
Cheatham, 1980; Evans, 1974; Liberman & Dodds, 1984; Liberman &
Kiang, 1978). These changes in auditory function occur when the OHCs
sustain damage or are reduced in number because of aging (Dallos, 1988).
Dallos (1988) reported that the OHCs are the first to be affected by the aging
process. We can logically assume that OAEs will be reduced or absent with
injury to OHCs since damage to the OHCs results in the loss of the normal
nonlinear processes upon which QAEs rest. These facts are fundamental to
the use of OAE measures in the identification of hearing loss.

Therefore, if the effect of age on the BBN ART is similar to that on
the OAEs, it is possible to strengthen the hypothesis that elevation of the
BBN ART with age is related to changes in the OHCs. As the magnitude of a
sensorineural hearing impairment increases up to 60 dB HL, the BBN ART
increases. No further elevation in BBN ART occurs as the magnitude of the
loss exceeds 60 dB HL (Popelka, 1981) (see Figure 12). Note that the 60 dB
plateau point for the BBN ART as a function of hearing threshold level
occurs at a level associated with the loss of distortion product OAEs.

This theory will be further enhanced if the BBN ART and amplitude
of the OAEs are both measured in subjects and the data for both reveal
similar age effects. Silman, Silverman, and Emmer (study in progress) are
currently testing the relation between the BBN ART and amplitudes of the

transient OAEs in younger vs. older normal-hearing subjects. Preliminary
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Figure 12, Acoustic-reflex thresholds for tones (averaged over 500, 1000, and 2000 Hz)
and for BBN in dB SPL as a function of average hearing level for 500, 1000, and 2000 Hz
in dB HL, The lines represent the best-fit functions. (Adapted from Popelka, G.R. The

acoustic reflex in normal and pathologic ears. In G.R. Popelka (Ed.), Hearing assessment
with the acoustic reflex. New York: Grune & Stratton, 1981, pp, 5-21,
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data show that magnitude of elevation of the BBN ART is inversely related to
the amplitudes of the OAEs. That is, an elevated BBN ART appears to be
accompanied by a reduction in the magnitude of OAE (see Figures 13 and
14). Figure 13 displays the transient OAE findings for a 23-year-old female
with hearing threshold levels not exceeding 15 dB HL throughout the
frequency range (250 — 8000 Hz). The tonal ARTs (500-, 1000-, and 2000-
Hz activators) were within the 90" percentiles (Silman & Gelfand, 1981).
The BBN ART was elicited at an expected level (75 B HL) (Silman, 1979;
Gelfand & Piper, 1981; Wilson, 1979). Note that the amplitudes of the
transient OAEs are robust and clear.

Figure 14 illustrates the transient OQAEs for a 45-year old female with
hearing threshold levels not exceeding 15 dB HL throughout the frequency
range (250 to 8000 Hz). The tonal ARTs (500-, 1000-, and 2000- Hz
activators) were within the 90" percentiles. This subject demonstrated an
elevated BBN ART at 90 dB HL, a level that is expected given her age
(Silman, 1979a; Gelfand & Piper, 1981; Wilson, 1979). Observe that

amplitudes of the transient OAEs are significantly reduced.
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Some results of recent electrophysiological and psychoacoustic
studies may lend support to the aforementioned theory. Injuries affecting the
OHC:s have been shown to affect the tip but not tail of the tuning curves, and
the condition of the OHCs seems to correlate with the tip of the tuning curve
(Khanna & Leonard, 1986; Leonard & Khanna, 1984; Liberman & Dodds,
1984). Such changes in the tip of the tuning curve are found in the absence
of basal membrane aberrance (Kelly & Khanna, 1984a; Kelly & Khanna,
1984b). The implication of these findings is that the tip component of the
cochlear mechanical tuning curve is associated with the OHCs in general, and
to the condition of the stereocilia, in particular.

Smith, Moody, Stebbins, and Norat (1987) provided behavioral
support for the contribution of the OHCs to the fine-tuning and sensitivity of
the cochlea. The investigators obtained psychoacoustic tuning curves, which
are behavioral measures of frequency selectivity similar to the auditory
neuron tuning curves, from patas monkeys before and after producing OHC
damage. The drug, dihydrostreptomycin, which was used by Smith and
colleagues (1987), caused 50 dB or greater elevation of hearing threshold
level, as well as obliteration of the sharp tips of the psychoacoustic tuning
curves. Only the broad, low-pass filter characteristics of the curves
remained. Histological examination of the cochleas revealed a complete loss

of the OHCs but complete preservation of the inner-hair cells (IHCs) at
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frequency regions corresponding to the changes on the psychoacoustic tuning
curves. Since tuning-curve sharpness and frequency selectivity are affected
by the integrity of the OHCs, one might infer that broadening of frequency
selectivity is related to the destruction of the OHCs.

The importance of OHCs for the sharp tuning and low thresholds of
auditory nerve fibers, and hence, by extension, of the basilar membrane, was
originally demonstrated by Kiang, Moxon, and Levine (1970) in cats
poisoned with the ototoxic antibiotic, kanamycin. This agent selectively
damages the OHCs with a much less discernible effect on the IHCs. Kiang er
al. showed that in auditory nerve fibers recorded from the areas of OHC
damage, the sharply-tuned low-threshold tip of the neural tuning curve was
raised, while the high-threshold, low frequency tail was unaffected. The
result was a broadly tuned curve with a high threshold.

The OHCs can also be selectively affected by stimulation of the
crossed olivocochlear bundle, the centrifugal (efferent) pathway running from
the brainstem to the cochlea (Pickles, 1988, pgs. 236-246 — the olivocochlear
bundle). The crossed component of the bundle, which travels from the
contralateral superior olivary complex, ends mainly on OHCs. Stimulation of
the bundle raises and broadens the tip region of the neural tuning curve. The
result has subsequently been repeated for IHC receptor potentials. Inasmuch

as the crossed olivocochlear bundle primarily innervates the OHC:s, this result
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suggests that normal OHC function is in some way essential for the sharp
tuning and sensitivity of the [HCs.

Jakimetz, Silman, Miller, and Silverman (1989) investigated the effect
of signal bandwidth and spectral density on the ART in the elderly. Their
findings revealed that as spectral density increased from one to five
components, the mean ART decrease was 5.6 in the elderly subjects versus
8.1 in the younger subjects. Also, the plateau in ART decrease with increases
in spectral density occurred earlier in older adults (5 components) than in
younger adults (7 components). These findings suggest that the auditory
system of the elderly has a reduced ability to summate the sound energy from
the components of a multitone complex signal, which are presented
simultaneously within a particular bandwidth. This result was interpreted as
a weakening of the frequency selectivity of the cochlea in the elderly
following the reduction in the number of OHCs due to aging.

In order to substantiate the theory relating the effect of age on the
BBN ART to the contribution of the OHCs vs. [HCs, we analyzed the BBN
ART spectrum level mathematically at low, medium, and high durations for
both groups. The first step in this analysis involved the conversion of the

frequency range of the BBN delivered by the TDH-49 earphone. This was
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accomplished by first converting 6000 Hz, the bandpass of the earphone, into
decibels:

1. dB = 10 log 6000 Hz

2.dB =10 /og 6 x 1000 Hz

3. dB = mantissa of 6 + (3 x 10)

4.dB=0.78 +(3 x 10) =30.78

The total frequency range of the BBN activator delivered through the
earphone is therefore equal to 30.78 dB. Based on this value, we then
calculated the spectrum level of the BBN activator for the younger and older
adults for the BBN ART at several durations (12 msec, 100 msec, 200 msec,
300 msec, and 1000 msec). The mean BBN ART at 12 msec was 107 dB
SPL in the younger subjects. This BBN ART of 107 dB SPL is divided by
the total frequency of the BBN activator delivered by the earphone (30.78
dB) to yield a spectrum level (total energy per cycle) of 76.22 dB.

The same procedure was used to calculate the spectrum level
associated with the BBN ART at 12 msec for the older subjects. The mean
BBN ART at 12 msec was 105 dB SPL in the older subjects. This BBN ART
of 105 dB SPL was divided by the total frequency of the BBN activator
delivered by the earphone (30.78 dB) to yiseld a spectrum level of 74.22 dB.

Spectrum levels were then calculated for the BBN ART at 100 msec,
200 msec, 300 msec, and 1000 msec for each group. The results for all

durations are summarized below.
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Table 21

Analysis of Spectrum Level at Low, Medium, and High Durations
for BBN for Younger and Older Subjects

Duration Age Group Mean ART Spectrum Level
12 msec Younger 107 76.22
Older 105 74.22
100 msec Younger 89 58.22
Older 91 60.22
200 msec Younger 82 51.22
Older 87 56.22
300 msec Younger 76 45.22
Older 84 53.22
1000 msec Younger 74 43.22
Older 83 52.22

The results of this analysis reveal compelling findings, which strongly
support our hypothesis with respect to the age-related effect on the BBN
ART.

The similarity in BBN ART for the younger and older subjects at
durations less than 200 msec, and the subsequent divergence between the two
age groups at durations equal to or greater than 200 msec can be explained in
terms of spectrum level and [HC vs. OHC involvement. The BBN ARTs are
similar and substantially higher at the shorter durations (i.e., 12 msec, 25
msec, 50 msec, and 100 msec) than at the longer durations (>100 msec). At
these shorter durations, the spectrum levels for the BBN activator range
between 58 and 76 dB,; the [HCs contribute to signal processing at these high
intensities. Since the IHCs are essentially unaffected by age, the BBN ARTs

at these shorter durations do not reveal any age effect. At the longer activator
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durations (> 200 msec), the spectrum levels range between 43 and 56 dB; the
OHC:s but not [HCs contribute to signal processing at these levels. Since the
OHC:s are affected by age, the BBN ARTs at these longer durations will be
higher for the older than younger subjects.

The mean tonal ART was in the vicinity of 100 dB SPL for both age
groups. The spectrum level of this tonal ART was 100 dB per cycle. Thus,
the spectrum level was markedly higher for the tonal than BBN ART. A
spectrum level of 100 dB reflects the contribution of the [HCs. As mentioned
earlier, the [HCs appear to be unaffected by age. The IHCs are affected when
the magnitude of hearing impairment exceeds 60 dB HL. Even with total
destruction of the OHCs by ototoxic drugs, the [HCs remain completely
intact (Pickles, 1988). We can therefore explain the absence of an age effect
on the tonal activator in terms of the previous analysis. Since aging will first
affect OHCs (Dallos, 1988) before the IHC:s, it is unremarkable that no age
effect is observed for the tonal ART.

The finding of the absence of an age effect on the tonal ART is in
concert with numerous previous investigations for activator duration of 1000
or more msec (Silman et a/., 1978; Silman, 1979; Jerger, 1979; Gelfand &
Piper, 1981; Wilson, 1979). The tonal activator used in this study (1000 Hz)
is one of the few variables unaffected by age (Lynn, 1988 found that the rate

of ARA was not significantly affected by age).
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Popelka et al. (1976) found the difference between the BBN ART and
tonal ART to be approximately 20 dB in normal-hearing individuals. This
NTD is related to the critical bandwidth for the AR and to the number of
components within the bandwidth. The investigators reported that the ART
for five or more tonal components equally spaced in log frequency or for a
continuous spectrum, is lower than that for only two or three components.
Jerger et al. (1974), prior to the report by Popelka ef al. (1976) had noted an
identical NTD through clinical observation.

While the SPAR approach developed by Jerger ef al. (1974)
successfully predicts hearing sensitivity in children and young aduits, it has
poor predictive accuracy in older adults (Jerger ez al., 1978; Silman, 1984;
Silman er al., 1984a). The poor predictive capability of the SPAR with
respect to hearing-loss severity categories in the older adult has been ascribed
to the narrowed NTD (as measured at durations of > 1000 msec) in the
normal-hearing older population. Jerger et al. (1978) postulated that the
narrowed NTD observed in the older adult results from increased cochlear
distortion products. That is, the tonal ARTs decrease as a function of age
whereas the BBN ART remains relatively constant with increasing age.
Several investigators (Silman, 1979a; Silman ef al., 1984; Silverman ez al.,
1983) attributed the narrowed NTD in the older adult to the elevation (due to
age) of the ART for BBN but not tonal activator. Silverman er al. (1983)

observed that the difference between Jerger et al. (1978), on the one hand,
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and Silman (1979), on the other hand was related to methodological
differences. Jerger used 5-dB steps under clinical conditions, and Silman
used 1-dB steps under laboratory conditions. Using 1-dB increments,
according to Silverman et al. (1983), the BBN ART in the elderly will be
elevated as compared to that for the young, but the tonal ARTs will be similar
for older and younger adults. This is the case in the current study as well.
The elevation of the BBN ART was attributed by Jackimetz et al. (1989) to
the widening of the critical band for the elderly.

Inspection of Figure 15, which illustrates the tonal and BBN ARTs
for the younger adulits as a function of duration, reveals that a 20-dB NTD is
maintained throughout the three longest durations (i.e., 300 msec, S00 msec
and 1000 msec). At shorter durations, the NTD is narrower by about 9-11
dB. Interestingly, the NTD range (7-10 dB) between 12 msec and 100 msec
in the younger subjects is similar to that across the span of durations in the
older subjects (see Figure 16). It can be concluded that the use of the NTD
for the prediction of hearing sensitivity in the young remains a sound
technique when it is based upon an activator duration between 300 and 1000
msec. This method cannot be used for prediction of hearing sensitivity in the
older population regardless of the activator duration since the NTD is

narrowed in this population.
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As previously described, prior research revealed large individual
variability in temporal integration for the ART for BBN and tonal activators.
This vanability has long precluded the use of AR temporal integration for
diagnostic purposes. In the rationale for the current study, the disparate
results were attributed to, among other factors, the lack of control for age and
small sample size. When these variables are controlled, as within the current
study, the ART temporal integration results reveal small variability both for
BBN and tonal activating stimuli.

The results of descriptive statistics (mean, standard error of mean,
median, mode, standard deviation, skewness, range, minimum and maximum
values) provide normative data for the BBN and 1000-Hz tonal activators at
the various durations (i.e., 12 msec, 25 msec, S0 msec, 100 msec, 200 msec,
300 msec, 500 msec, and 1000 msec). These normative data will be useful for
comparative purposes when investigating temporal integration for ART in

pathological ears.
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Figure 16, Mean ART for older adults for tonal and BBN activators.
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Conclusions
The following conclusions can be drawn from the results of the present study:
(I) An age effect is present for temporal integration for the BBN
ART, as evidenced by the significant main effect on the BBN ART and in the
interaction between duration and age. An age effect was not observed for the
1000-Hz tonal ART. We presented a theoretical framework for these
findings: The effect of age on the BBN ART was hypothesized to relate to a
decreased number of OHCs due to the aging process. We believe this
reduction in OHCs to be responsible for the elevation of the BBN ART. We
also presented a theoretical framework to explain the absence of the age
effect for the tonal ART. The tonal ART was substantially higher than the
BBN ART, reflecting the contribution of the [HCs rather than OHCs. Since
the IHCs are more resistant than the OHCs to the effects of age, the tonal
ART was unaffected by the aging process in the normal-hearing individual.
(2) A significant difference in the NTD was observed between the
younger and older subjects at the three longest durations (i.c., 300 msec, 500
msec, and 1000 msec). That is, the NTD was significantly larger in the
younger subjects (approximately 19 dB) than older subjects (approximately 9
dB) at these longer durations. We also found that the NTDs in the older
subjects at all durations were similar to those for the younger adults at the
shorter durations (< 200 msec). The implication of this finding is that NTD

should not be used to predict hearing impairment in young adults when the
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duration is less than 200 msec or in older adults, regardless of the duration.
Prediction of hearing sensitivity based on the NTD at durations exceeding
200 msec in the young remains a valid procedure.

(3) The mean BBN and tonal ARTs obtained in this study can be used
as normative data. This was made evident by the closeness of the mean,
mode, and median, the small standard deviation, and minimal skewness.
These data, therefore, could be used for comparative purposes in clinical and

research applications of the tonal and BBN ARTs.
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Chapter 6
Implications, Limitations, and Recommendations
for Future Research

Implications

The results of the current study emphasize the following implications:
(a) in order to generate normative data for temporal integration for ART, a
large sample of subjects should be used, with adequate control for age;
(b) one should bear in mind, when using the ART for clinical purposes, that
age must be taken into consideration; (c) it is important that normative data
be generated for each signal independently; (d) it is useless to predict hearing
sensitivity from the NTD in the older population throughout all durations.
The best approach to prediction of hearing loss from ART in the elderly is the
combination of tonal ART and BBN ART (see Silman ez al., 1984). In that
study, the authors suggested that the criterion of a tonal ART exceeding 100
dB HL and BBN ART exceeding 90 dB SPL could be used to separate older
individuals with significant SNHL from other older individuals; (€) the
presence of inconsistencies in using temporal integration for differential
diagnosis was at least partially related to the use of small sample sizes. The
feasibility of using temporal integration for the ART in differential diagnosis

should be re-examined using large sample sizes.
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Limitations of the present study

The resuits of this study are limited to the following: (a) age groups
between 18-29 and 59-75 years; (b) normal-hearing individuals (as defined in
this study) in the aforementioned age groups; (c) the BBN and 1000-Hz tonal
activators; (d) the instrumentation and methodology used herein; (e) those
who demonstrate tonal ARTs (500-, 1000-, and 2000-Hz activators) within
the 90th percentiles (Silman & Gelfand, 1981).
Recommendations for Future Research

Based upon the results of the current study we see that there is still
much to be accomplished on this topic of temporal integration of the ART.
We therefore suggest the following areas for future research: (a) the use of a
large sample size to investigate the age effect using 5-dB vs 1-dB steps, to
determine clinical applicability of temporal integration of the ART for both
tonal and BBN activators; (b) investigation of temporal integration of the
ART for other tonal activators (500-, 2000-, and 4000-Hz); (c) investigation
of temporal integration of the ART for higher probe-tone frequencies for both
tonal and BBN activators (e.g., 660 Hz and 1000 Hz); (d) exploration of a
gender effect on temporal integration of the ART for BBN and tonal
activators; (e) examination of the effect of SNHL on temporal integration of
the ART for tonal and BBN activators; (f) the investigation of whether
temporal integration could be used for differential diagnosis of cochlear vs

retrochochlear pathology; (g) study of the age effect, decade by decade, on
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temporal integration of the BBN and tonal activators (newborn through 75

years of age).
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ix A1
Individual data for hearing-threshold levels
(Younger subjects are numbered 1-20,
Older subjects are numbered 21-40)

T S S Z[ERE 25005} _ S RETo00TE=
1 0 0 0 0

2 5 0 0 0

3 0 0 5 0

4 5 0 5 5

5 10 0 5 0

6 0 0 0 0

7 0 0 0 0

8 5 0 5 0

9 0 [ 0 0

10 0 5 10 0

11 5 5 0 0

12| 0 5 0 0

13 5 5 0 ol

14 0 0 0 0

15 10 5 10 5

o 16 5: 0 5 10
17 0| 5 0 0

] 18 5 5 5 0
B 19 0 0 5 5
20 5 - 5 0 )

B 21 15 10 5 10
22 10 10 10 15

23 15 15 5 5

24 10 15 15 20

25 5 10 10 10

26 10 10 5 0

27 10 10 10 10

28 5 5 0 5

29 10 5 5 15

30 5 5 5 10

31 15 20 20 15

32 5 5 5 0

33 20 20 15 15

34 20 15 15 20

35 10 10 5 0

35 S 5 10 10

37 5 5 0 5

38 5 5 5 0

39 15 10 10 10|

40| 10 10 5 10|
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Appendix A.1 continued
Individual data for hearing-threshold levels

166

HZZ S REZS000HZZST _ ZLE IS :
0 o 5 0 0
0 0 0 0 0
0 0 0 5 0
0 5 5 5 0
0 5 0 0! 0
0 5 0 0 0
0 0 0 0 5
0 5 5 5 5
0 0 0 5 0
0 0 5 5 0
0 5 10 5 0
0 0 0 5 0
5 5 5 5 0
5 0 0 5 0
0 10 0 5 0
0 5 0 5 10
0 0 5 0 0
5 10 10 5 0
0 0 0 5 0
5 0 0 0 0
10 15 15 5 10
20 15 15 15 15
10 10 10 5 10
20 15 10 10 20
10 10 10 5 5
10 10 5 5 10
20 10 10 10 5
20 10 0 0 5
20 5 5 0 15
20 10 10 10 10
10 5 20 20 15
20 10 0 0 0
20 20 20 10 5
15 10 15 15 20
15 10 10 10 o|
0 5 0 10 15
20 0 0 5 5
10 10 10 0 o|
20 15 10 10 10|
20 10 10 5 0
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Appendix A.1 continued
Individual data for hearing-threshold levels

0 )
10 5
0 5
0 0
0 )
0 )
0 )
5 5
0 0
0 5
0 0
o 5
5 5
5 S
5 5
0 )
) 0
B 0 5
5 0
- ) 5
15 20
10 20|
10 20
20 20
15 5
) 10
10 20
20 20
20 20
10 20
5 5
15 20j
15 10
10 15
10 10
5 15
10 20
5 20
20 20
10 15
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Appendix A.2
Individual immittance data
for younger and older subjects
(MEP = middle-ear peak pressure point
Static = static acoustic admittance)

33 45 0.6 S 0.7
34 30 0.8 40 0.9
35 -35 0.6 50 0.7
36 10 0.9 5 0.6
37| 0 0.4 0 0.4
38 -15 1.1 5 0.9
39 5 0.7 0 0.8
40 -35 0.6 5 1.6
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Appendix A.3
Individual clinical ART data
for younger and older subjects

_Id " L°HL>500HaL:HL-1000Hz|L HL>2000HZ|R=HL800HZ R - HL=1000HZR H1=2000Hz2
1 80 75 80 75 70 75
2! 80 85 90 85 85 85
3 80 75 80 90 75 70|
4 95 95 90 90 90| 90
5 80 75 85 80 80 85
6 80 75 80 70 75 75
7 85 85 85 90 85 90
8 80 80 85 80 80 85
9 80 80 90 90 90 95
10 70 75 80 65; 65 75
11 85 75 75 85 75 80
12 80 85 85 75 85 80
13 85 90 95 95 90 95
14 90 80 80 90 80 80
15 35 90 90 90 95 95
16 85; 85 90 80 80 85
17 85 80 80 80 75 80
18 75 85 85 80 75 80
19 95 95 95 95 95 95
20 90 85 85 90 85 90
21 95 90 95 95 95 85
22 90 95 95 95 90 95
23 90 85 95 85 90 90
24 65 60 65 80 70 65
25 80 80 70 85 75 75
26 85 80 85 85 85 90
27 90 95 95 95 90 95
28 90 95 90 95 85 90
29 90 75 80 95 70 75
30 85 80 80 70 70 75
31 80 80 70 85 80 80
32 95 95 85 85 80 85
33 85 80 75 85 80 75
34 80 75 80 80 75 80
35 95 80 80 90 80 85
36 70 75 70 90 65 85
37, 85 80 75 80 80 80
38 80 75 75 80 75 80
39 85 80 80 80 75 80
40 85 90 85 80 75 70
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Appendix A.4

Descriptive Statistics for Younger Subjects
for Subproblem 4 for 1000-Hz Activator

TMS12 TMS25 TMSS50 TMS100 TMS200 TMS300 TMS500 TMS1000
N Valid 20 20 20 20 20 20 20 20
Missing 0 0 0 0 0 0 0 0
ean 116.0750 110.3000 104,7750 100,6500 06.3500 93,9250 93.1750 92,9250
td. Error of Mean 1.2821 1.3824 1.4516 1.5741 1.5411 1.2614 1.2238 1.2733
edian 117.7500 110.2500 105.5000 100.2500 96.5000 93,5000 93.0000 93.0000
ode 121.00 114,00 96.00 95.00 97.00 93.00 95.00 93.00
td. Deviation 57337 6.1823 6.4918 7.0395 6.8922 5.6412 54731 5.6946
kewness -1.841 -463 -.163 A13 -297 108 - 143 -.032
nge 23.00 26.00 25.00 28,00 24.50 19.00 21,00 22,00
inimum 98.00 95.00 92.00 87.00 81.50 85.00 81,00 81.00
aximum 121.00 121.00 117.00 115.00 106.00 104.00 102.00 103.00
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Descriptive Statistics for Older Subjects
for Subproblem 4 for 1000 - Hz Activator

Appendix A.S

TMSI12 TMS25 TMS50 TMS100 TMS200 | TMS300 | TMS500 | TMS1000
N Valid 20 20 20 20 20 20 20 20
Missing 0 0 0 0 0 0 0 0
Mean 112.8500 107.4500 103.8500 | 1003500 | 96.1500 | 93.0500 | 91.6000 90.4000
Std. Error of Mean 1.6360 1.9577 1.9561 2.1843 2,0462 2.0095 1,9590 1.7357
Median 114.7500 110.0000 105.2500 | 101.0000 | 94.5000 | 93.5000 { 91.5000 89.5000
Mode 121.00 108.00 92,00 91.00 109.00 78.00 85.00 87.00
Std. Deviation 7.3163 8.7553 8.7481 9.7685 9.1509 8.9867 8.7609 7.7623
Skewness -972 -577 -242 -.131 .052 265 333 120
Range 25.00 29.00 28.00 33.00 30.00 33.00 35.00 31.00
Minimum 96.00 92.00 90.00 83.00 80.00 78.00 75.00 75.00
Maximum 121.00 121.00 118.00 116.00 110,00 111.00 110.00 106.00

IL1



Appendix A.6
Unpooled 95% Confidence Intervals
for Younger Subjects
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Appendix A.7
Unpooled 95% Confidence Intervals
for Older Subjects
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peadix A.8
Individual data for ART for BBN activator
for younger and older subjects for various durations (in msec)

174

- ld Z==>:] ‘BBN12ms | -BBN -25ms= BBN>50ms =|-BBN_100ms_| BBN 200ms
1 93 91 82 81 78
2 93 89 83 81 77|
3 100 95 S0 80 75
4 106 98 93 87 79
S 112 101 95 93 87
6 108 92 82 80 81
7 114 103 101 98 89
8 115 99 93 87 87
9 110 105 98 95 80

10 84 83 79 68 68
11 112 112 94, 91 83
12 115 112 104 103 93
13 115 113 105 101 97
14 115 115 101 97 88
15 108 102 100 76 63
16 109 105 104 98 91
17 99 95 94 87 81
18 115 111 104 93 84
19 115 114 108 106 89
20 97 94 97 88 77
21 81 81 74 73 73
22 107] 100 92 88 87
23 97| 96 95 92 87
24 97 91 82 81 82
25 114 101 97 86 85
26 112 111 111 100 95
27 111 105 100 98 92
28 107 100 98 95 92
29 102 92 89 86 87
30 109 98 92 82 78
31 102 101 88 85 83
32 109 108 104 102 94
33 108 111 103 98 89
34 105 106 102 98 90
35 113 110 107 95 94
36 105 90 89 87 79
37 108 102} 99 94 91
38 108 106 98 95 93
39 105 100 101 90 89
40! 109 103 101 83 85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BBN<300ms= ‘BBN >1000s-
73 74 75
70| 70 68
69 70 69
73 66 67
81 83 81
71 70 69
92| 74 78
83 83 84
69 65 65
62| 62| 61
75! 75 75
97| 89 90
79 79 79
84 76 76
61 64 64
70: 72 71

L 78; 76 78
80 77 78
87 78 79
74 76 72
70 72 71
87 83 85
82 84 81

| 72 72 69
82 81 83
90 89 89
93 92| 93
89 86 85
85 84 85
75 75 73
82 82, 80
a5 92| 91
84 83 84
84 83 83
84, 82, 82
78 78 78
89! 88 86
89 89 87
84 84 83
84 82 82
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Appendix A.9
Individual data for ART for 1000-Hz (tonaf) activator

for younger and older subjects for various durations (in msec)

id_ | TA2ms |- T 26 TA00ms”
1 114 99

2 118 96

3 119 100}

4 121 105

5 119 97

6 109 95

7 121 L 95

8 118 114 103 101

9 116 114 109 101

10 98 95 92| 87
L 114] 107 100 95
12 121 112 106 102

13 121 116 108 106

14 118 110 114 105

15 17 112 109 107

16 116 114 112 111

17 109 103 96 90|

18 121 121 117 115

19 121 121 110 109
20 112 107 105 99
2 108] 92 90 85
22 110 - 113 106 102

23] 115 117 116 111

] 24 101 98 91 83
} 25 121, 108 105 101
) 26 121 117] 112 112
27 117 108 107 101

28 121 121 118 116

29 96 92| 92 91

30 114 99 98 93

31 119 112 104 100}

32 118 114 114 110

33 117 112 111 95

34 116 109 103 103
35 113 111 108 106
36 103 96 B 93 91

37, 113 108 100 96

38 118 114 107 110

39 102 96 92 89|

T 40 115 113 111 113
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93 91 92

88 91 89

86 86 85

101 93 92| 93

97 95 94 93

92) 91 90 91

93 93 91 91

97 95 95 26

9 93 93 93

86 85 81 81

i 92| 88 90 90
99 94 95 98

106 101 102 103

97 95 g5 92

106 102 101 102

105 98 96 96

88 _ 87 87 85

I 104 102 100 94
105 104 102] 102

I 96 97 93 93
83 80 79 79

i ot 95 93 93
94 , 87 87 85

B 80 ] 788 75 75
89 o4 94 - 93
110 | 111 1100 106

] 101 97 95 92
] 109 103 101 100
89 8s] 85 88

- 93 91 89 87
e , 87 86 87

109 107 100 99
86 8s| 85 84
B 95 - 96 92 90
] 105 99 99 97
86 82 84 82

94 95 92 91

99 93 91 89

B 91 89 89 89
109 105 107 102
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Appendix B

Research Consent Form

(page 1 of 2)

Title of Study: Related Effects or Changes on Temporal jon
of the Acoustic-Reflex Threshold
Investigator: Michele B. Emmer, M.Phil. = Affiliation: Brookiyn College, CUNY
Test Site: Brookiyn College, CUNY

DESCRIPTION OF RESEARCH

1. Puljpose of the study and how long it will last. There is a small muscle in the middle
ear as indicated on the attached diagram. This muscle is connected to the bones of the middle
ear. The muscle contracts when a sound as loud as normal speech is introduced into the ear.
The cot-ltraction causes the ear to reject loud sounds. This muscle, therefore, serves a
protective function in the human. The determination of whether this muscle is functioning for
2 given perscn is part of a routine hearing evaluation. This evaluatica is made vecause if
there isa problem in the middle ear, this middle-ear muscle will not function. In this study,
we wish to learn about the behavior of this muscle for short-duration sounds (sounds that [ast
less than 1 second) in the younger (18 to 29 years of age) versus older (59 to 75 years of age)
population. Previous studies only examined the behavior of this muscle for durations over 1
second. The sounds to be mtroduced to the ear will be (a) tones and (b) noise - both
presented at comfortable levels. Understanding the effect of age on the contraction of the
rguscle in response to these short-duration sounds may help us clinically both in terms of
diagnosis, and for the prediction of hearing loss in the older population. In addition, our
knowledge of the function of the middle-ear muscle will be enhanced. The test session will
last approximately 1.5 hours.
2. Description of the study including procedures to be used. Procedures to be used
include (a) conventional hearing testing including hearing for tones through the earphones
'and (b) routine testing of middle-ear function using a noninvasive mstrument which

" mtroduces sound and air into your outer ear. (Description of the study is elaborated upon in
the section above). . -
3. Description of any procedures that may result in discomfort or inconvenience.
The sound will be introduced at a very low level until we see a response. Although it is very
unusual, some people will experience a little discomfort. Simply signal us to stop.
4. Expected risks of the study. There are no risks.
5. Expected benefits of the study. Further knowledge with respect to diagnosis, prediction
of hearing loss, and function of the middle-ear muscle.
6. Other treatment available. None.

Subject’s Initials
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Research Consent Form

7. Use of research results. Complete confidentiality will be preserved and you will not be
identified in any distribution of the findings of this study. Each subject will have his own file that
will be kept in the locked office of Dr. Shlomo Silman (faculty advisor). A number will be
assigned to each file against the name. The anonymous numbers will also be kept in the lab.

8. Special circumstances. None

9. Payment: Subjects will be paid $20.00 if they meet the criteria and subsequently participate
in the study. If they terminate testing prior to completion, they will still receive $20.00.

RESEARCH SUBJECTS’ RIGHTS: Ihave read or have had read to me all of the above.
Michele Emmer has explained the study to me and has answered all of my questions. I have been
told of the risks or discomforts and possible benefits of the study.

I understand that I do not have to take part in this study, and my refusal to participate will
involve no penalty or loss of services to which I am entitled. I may withdraw from this
study at any time without penalty or loss of any services to which I am entitled.

The results of this study may be published, but my records will not be revealed unless required by
law.

In case there are any questions, I have been told I can call Professor Michele Emmer at 718 951-
4869 during the day and at 718 951-6774 after hours. I may also call Michele Emmer’s advisor,
Dr. Shlomo Silman at 718 951-4869/5186. I may also call the office of Sponsored Research at
212 642-2059 (contact person: Ms. Hilry Fisher) if I need, or would like to receive, additional
information about the study or about my participation as a research subject.

I understand my rights as a research subject, and I voluntarily consent to participate in this
study. I understand what the study is about and how and why it is being done. [ will receive a
signed copy of this consent form.

Subject’s Signature Date

Signature of Investigator Date

Project approved on

Use of this form will expire on
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Appendix C.1

Linear Array Recorders

inear srray recorders, as the name

Compuarn
implies, use a fixed linear array of

s of thepnal and elc=tro

Sl ey roc o der techroloqre
. i - o small rmrdinﬁleﬁein:l. under which ge
paper moves. This contrast with the
m“y' "‘Ec::g:;‘m conventicnal recorder that uses & moving
. . . pexn or stylus. The stylus in the linear array
Head Tacnnology m on Wires moided in recorder is & large number of fixed “styli,”
. plasta each one of which corresponds to one ampli-
Max Print Wictn 384 men 264 mm tude of signal to be recorded.
Chart Paper Type Thermcrescive  Cielectiic
Ctrer Consumabies Ncoa Liquid loner
Ascahvabiity Avmcage Excallent The obvious advantage of a linear arra
Paper CostFost 8¢ & recorder is &cm cfmcvi'gputa;
- nothing moves paper. The tech-
Chart Speed Range 1 ety o 200 028 TS o niques used include:
Max Prot Speed 1800 trev/ssc 2000 Inew'sec 1. Thermalelements.
Energy Coneumption  High Aversge 2. Electrostatic elements. o

n

Gould Instrument Systems, Inc.

Alphanumerics

Principie of oparaticn of armay racorder. After condlticning, each signal Is Gighized at a high rate. Digitized
amples are wmucnw stored for g foed peried of time — the print cycle time. During this period, the maximum
my

and the minl samples are captured and 1 fine segment foining thess two values is goneratad. A composits sig-
nal, mads of ine sagmaents coming f-om each chanmal. actates the imaging head drivers. Grid nes in alcmmnﬂ:
1250t 408 Do TG 1 el porbns f MEDaIEIE IO s ot Srlt e T e be ctrted

am form man jons hanumerics, grics 2 tracas. This process is -
od for evary print c?c!l and eventwally raalizes a mﬁnuo& recording .,: the chart paper. °
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Appendix C.2
Block diagram of instrumentation and set up
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Appendix D.1

Calibration values for air-conduction signals for left and right TDH-49 earphones,

Earphone output check was done at 70 dB HL.

Test Tone Corrected Left Left Correction | Right Right Correction
Freq. (Hz) Calibration | Earphone - | Earphone - Earphone - | Earphone -
Levels - Measured Variation Measured Variation
ANSI - Value Error Value Error
TDH-49
250 96.5 96.0 0.5 0 99.6 -3.1 -3.0
500 83.5 83.0 0.5 0 86.6 -3.1 -5.0
1000 77.5 76.7 0.8 0 80.5 -3.0 -5.0
2000 81.0 80.9 0.1 0 84.1 -3.1 -5.0
4000 80.5 814 -0.9 0 86.9 -6.4 -5.0
8000 82,5 84.4 -1.9 0 89.6 7.1 -5,0
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Appendix D.2

Calibration of total harmonic distortion as a function of frequency,
rise and fall characteristics of the signal, and measurement of nominal frequency

Nominal Right Right Right Right Left Left Left Left

Frequency | Earphone Earphone Earphone Earphone Earphone Earphone Earphone Earphone
(TDH-49) Frequency Total (TDH-49) Frequency Total

Rise Fall Count Harmonic Rise Fall Count Harmonic

Distortion Distortion
250 38 44 252 -41.3 24 24 253 -55.7
500 22 25 502 -43.2 27 22 503 -58.0
1000 31 18 1000 -38.8 26 18 1000 -52.1
2000 25 26 1992 -62.2 26 26 1992 -56.1
4000 27 27 3982 -51.9 21 21 3981 -56.3
8000 13 16 7936 -39.8 31 34 7929 -45.6

81



Appendix D.3
Frequency response of TDH-49 earphone
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