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It has been suggested that temporal summation of the

ART might be a clinical tool distinguishing normal from

cochlear-impaired ears. If the ART measure could yield

differences at least as distinctive as those of temporal

summation at threshold of audibility, the ART could be

used with patients for whom threshold measures are not

appropriate

.

In this study, temporal summation of the acoustic-

reflex threshold (ART) , as well as of the threshold of

audibility, was measured in five normal-hearing and five

unilaterally hearing-impaired subjects by varying signal

duration of 500 Hz, 1000 Hz, and 2000 Hz tones. The signal

durations employed were 500 msec, 200 msec, 100 msec, 20

msec, and 10 msec.

There were statistically significant differences be-

tween normal ears and cochlear-impaired ears at 2 out of

12 comparisons. In addition, there were some descriptive

differences between normal ears and cochlear-impaired ears
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for the ART measure. Small sample size, unexpected inter-

subject variability, and flatter integration slopes for the

normal ears contributed to the lack of consistent statistical

significance

.

Temporal integration at threshold of audibility proved

to be significant in most comparisons between normal ears

and cochlear-impaired ears. Even though temporal integra-

tion at threshold of audibility evidenced a statistical

difference, the differences were not obvious enough to make

it an effective clinical tool.

There were some differences between the normal-hearing

and cochlear-impaired ears concerning temporal integration

at the threshold of the acoustic reflex. The mean integra-

tion slopes of the cochlear-impaired ears were more depressed

than those of the normal ears.

These data suggest that temporal integration of the

acoustic-reflex threshold may not be used to differentiate

normal ears from cochlear-impaired ears. It may be con-

strued that the time constant might provide a statistically

significant difference.

x



CHAPTER I

INTRODUCTION AND REVIEW OF THE LITERATURE

Auditory tests, especially those designed to determine

site of lesion, are complicated by subtle test procedures,

and patient state and sophistication. For the majority of

persons the results of audiometric procedures are of diag-

nostic value, but in a few cases even a battery of audiometric

tests gives inconclusive results. The diagnostic picture may

be incomplete because of the inability or unwillingness of the

subject to respond. The literature indicates the status of

current audiological tests and further possibilities offered

by tests of acoustic-reflex and of temporal integration by

the auditory system. Furthermore, these later two auditory

measures may be effectively combined into one diagnostic test.

These conditions, therefore, motivated the present study. It

was designed to investigate temporal summation of the acoustic

reflex as a contribution to the diagnosis of cochlear lesions.

Review of the Literature

Audiological Tests Commonly Used
in Differential Diagnosis

Audiological tests are generally divided into those

most sensitive for the detection of conductive, cochlear,

eighth nerve, and central nervous system lesions. Only those

1
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test procedures normally employed in the assessment of end-

organ status, in particular those tests considered most

valuable in differential diagnosis, will be reviewed in this

section: Alternate Binaural Loudness Balance, Monaural

Loudness Balance, Short Increment Sensitivity Index, and

Bekesy audiometry.^"

The Alternate Binaural Loudness Balance (ABLB) test

(Fowler, 1936) has long been the indicator of loudness recruit

2
ment. This abnormally rapid growth in loudness is theo-

retically regarded as pathognomonic of cochlear lesion

(Dix, Hallpike and Hood, 1948; Fowler, 1936, 1950; Hood, 1969;

Jerger, 1967, among others) . In spite of its high validity

in confirming recruitment (Tillman, 1969) , this test cannot

be administered to all patients. The patient must have one

normal, non-recruiting ear at each test frequency and at

least a 20 dB threshold difference between ears to obtain

meaningful data. Further, it is estimated that more bilateral

hearing losses than unilateral exist (Carver, 1972) . Thus,

It is generally understood that audiometric evaluations
do not measure anatomical lesions, per se. Instead, they
reflect functional alterations in the auditory response caused
by anatomical lesions or physiological changes.

2Loudness recruitment (Fowler, 1937) is an auditory
phenomenon where the supraliminal loudness growth of one ear
occurs at a faster rate than that of the contralateral ear to
equal intensity units. When the threshold differences between
the two ears is more than 20 dB and the supra-threshold
balances are considered equal within 10 dB , the loudness
growth is considered abnormal. This abnormal loudness growth
is called loudness recruitment. (Fowler, 1936; Hood, 1969;
Jerger, 1967.)
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this standard detector of recruitment cannot be administered

to a majority of hearing-impaired persons to gain diagnostic

information.

The Monaural Bi-frequency Loudness Balance (MBLB) test

(Reger, 1936) compares the loudness above threshold at one

frequency with the loudness of another frequency. Again, the

threshold at one of the test frequencies must be normal with

the other elevated. In this way, recruitment can be tested

unilaterally, thereby allowing a larger segment of the

population to be tested diagnostically for cochlear lesions.

It is perceptually much more difficult for the patient to

perform than the ABLB and is, therefore, less reliable. This

is especially true as the difference between the standard

and comparison frequency increases (Graham, 1967)

.

The Short Increment Sensitivity Index (SISI) test

(Jerger, Shedd, and Harford, 1959) indicates the ability of

the cochlear mechanism to respond to small changes in signal

amplitude. It is an indicator of cochlear disorders if a

high percentage of 1 dB increments is detected by the sub-

ject, but it apparently is not as reliable a detector of

cochlear impairment as the ABLB measure (Owens, 1971; Tillman,

1969) . Its lower reliability may be related to the patient

sophistication necessary to complete the procedure, which

is demonstrated by the difficulty in orienting some patients

to the auditory listening task.

The four Bekesy Types, introduced by Jerger (1960),

were based upon the difference in self-tracked threshold
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leveHs using both pulsed and continuous pure-tone sweep fre-

quency stimuli. A Type II Bekesy, indicated by a slight

separation between the two tracings and a narrowing of the

tracing for the continuous tone, has been the classic

designator of cochlear pathologies (Jerger, 1960) . Unfor-

tunately, other patterns such as Type I, IV, or mixed are

also obtained from subjects with confirmed end-organ lesions,

therefore contributing ambiguity to the test results (Owens,

1964). The self-tracking procedure of Bekesy audiometry is,

in addition, a long, fatiguing procedure which may make it

difficult for some patients to complete.

Even though each of these tests has certain drawbacks,

the results from each one can indicate the presence of a

cochlear lesion. Recruitment, as defined operationally by

loudness balancing, is the foremost test of a cochlear

lesion, but abnormal loudness growth is not necessarily

synonymous with recruitment (Hirsh, Palva, and Goodman, 1954;

Simmons and Dixon, 1966) . All tests for cochlear lesions

mentioned may represent abnormal auditory processing in a

particular cochlear pathology but may delineate differing

physiological phenomena; otherwise there would be no need

for a battery of audiometric tests.

The four auditory tests discussed above may be valid

indicators of cochlear lesions, but their reliability is

dependent upon the full cooperation of a highly motivated

test subject. In many instances cooperation may not be
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obtained because: (1) the patient cannot or does not under-

stand his responsibility in the test situation, i.e., how

to recognize or when to respond to the auditory stimuli;

(2) the motivation of the patient is minimal; or (3) the

patient, because of physical state, is incapable of an appro-

priate response (Martin, 1972) . Any one of these factors can

reduce the reliability of the test procedure without con-

scious intent on the part of the patient, as frequently

occurs with such patients as psychotics, mental retardates,

cerebral palsied persons, preverbal infants, or the comatose

or severely ill individual.

There have been numerous reports on the use of the

acoustic reflex an an indicator of abnormal auditory pro-

cessing due to cochlear impairment. It is an involuntary

physiological reaction reflected in the contraction of the

intra-aural muscles to relatively intense acoustic stimuli.

In addition, the auditory system's ability to integrate

acoustic power over an interval of time has been investigated

as a measure of cochlear function and integrity. A combina-

tion of these two auditory functions may serve to quantify,

objectively, auditory assessment.

Acoustic Reflex

Anatomy and physiology of the acoustic-reflex arc

The acoustic reflex is a consensual contraction of the

middle-ear muscles producing, in persons with normal auditory
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pathways, a bilateral change in acoustic impedance in both

ears to acoustic stimuli. Upon simultaneous contraction,

the two intra-aural muscles, the stapedius and tensor tympani,

act in a physiologically antagonistic manner but produce a

synergistic impedance against sound energy.

The stapedius muscle is the smallest muscle in the human

body. It originates from the pyramidal eminence on the

posterior wall of the tympanic cavity and its tendon inserts

on the head, neck, or posterior crus of the stapes. The

tensor tympani muscle arises from the bony semicanal above

the Eustachian tube. Its tendon traverses the tympanum to

insert on the mallar manubrium (Jepsen, 1963; Kobrak, 1959).

The direction of pull of these two muscles is at right angles

to the axis of their corresponding ossicles, making the func-

tional action of the two muscles almost in direct opposition

to one another (Wever and Lawrence, 1954)

.

If the movement caused by each of the muscles is con-

sidered independently of the other, contraction of the

stapedius muscle causes the stapes to be pulled posteriorly

It is not within the scope of this paper to differ-
entiate between the types of impedance present within the
middle ear, nor between the various contributing factors of
increased impedances (see Hung and Dallos, 1972; Lilly,
1972, 1973; Zwislocki, 1961, 1962). It is important, however,
to know that the contraction of one or both of the intra-
aural muscles will produce an opposition to energy flow
through the middle-ear cavity, thereby reducing the acoustic
energy reaching the sensory end-organ.
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and outward from the oval window, as well as causing the

tympanic membrane to be pushed in a slightly outward direc-

tion. The malleus and tympanic membrane swing medially upon

tensor tympani activation (Jepsen, 1963; Kobrak, 1959).

This is not the case, however, upon the contraction of both

muscles simultaneously. The movement of the tympanic membrane

depends upon the relative strength, latency, and contraction

time of each muscle. Figure 1 demonstrates a possible resul-

tant of a stronger and faster-acting stapedius muscle con-

traction partially opposed by the later and weaker tensor tym-

pani muscle contraction. It is important to remember that it

does not matter acoustically which muscle predominates because

in either case, the acoustic impedance will be increased.

The acoustic-reflex arc consists of an afferent neuron,

a reflex center, and an efferent neuron (Lorente de No, 1933,

1935; Rasmussen, 1946) . The afferent portion is the same

afferent pathway for audition starting from the sensory end-

organ but terminating at the level of the superior olivary

complex (SOC) . The SOC consists of at least five cellular

groups, but the accessory, or medial, nucleus is felt to be

the central mediator of both reflex arcs, the stapedial and

the tensor tympani. The accessory superior olive gives off

a few fibers to the ipsilateral motor nucleus of the facial

nerve (n. VII) (Rasmussen, 1946) , which constitutes the

central portion of the stapedial-reflex arc. The facial

nerve innervates the stapedial muscle to complete the efferent

portion of this reflex arc.
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TIME

Figure 1. Possible time, strength and direction of
the stapedius and tensor tympani. muscles, and resultant
displacement of the tympanic membrane. (Redrawn from
Mendelson, 19 63.)
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It is also surmised that fibers from the accessory

nucleus pass to and from the lateral lemniscus into the

ipsilateral motor nucleus of the trigeminal nerve (n. V)

(Rasmussen, 1946) , as the central portion of the tensor tym-

pani-reflex arc. The efferent portion of this reflex arc

constitutes the tensor tympani muscle innervated by the

mandibular branch of the trigeminal nerve. The general schema

for the acoustic-reflex arc as proposed by Rasmussen (1946) is

shown in Figure 2.

Simmons (1963) does not necessarily take exception to

Rasmussen, but suggests that there are several possible re-

flex loops, both ipsilateral and crossed. Simmons speculates

that the major differences in latency and response level be-

tween the stapedius and tensor tympani muscles are due to the

relative degree of synaptic connections of their respective

reflex arcs. According to Simmons, the stapedial reflex

probably has the more compact, less diffuse, interneuron

connections, thereby explaining its greater sensitivity.

Each of the proposed schema would explain the lower reflex

threshold and shorter latency of the stapedial acoustic-

reflex arc activity in comparison to the tensor tympani

acoustic-reflex responses (as seen in Figure 1) . In either

case, the SOC is the most probable reflex center. Neural

activity in the SOC increases with loudness to at least 60

dB sound pressure level (Boudreau, 1965) . The acoustic re-

flex probably occurs when the neural activity in this
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synaptic complex exceeds some critical level of neural ex-

citation (Lorente de No, 1933, 1935).

The stapedius muscle is generally considered to be the

most active and dominant muscle in response to acoustic

stimulation in humans, whereas the tensor tympani reacts to

acoustic stimulation less often 4 (Flottorp and Djupesland,

1970; Hoist, Ingelstedt, and Ortegren, 1963; Jepsen, 1963;

Liden, Peterson, and Harford, 197C; McRobert, 1968; Mendelson

1961, 1966; Terkildsen, 1957, 1960a, c; Weiss, Mundie, Cashin,

and Shinabarger, 1962; and others). It appears that 1

percent to 5 percent of the population with normal hearing

and with no apparent middle-ear pathology have no demonstrable

acoustic-reflex response (Shiffman, 1972; Swannie, 1966;

Terkildsen, 1960c; Weiss et a_l . , 1962; Wright and Btholm,

1973) .

Methods of detecting the intratympanic
muscle activity in man

Some investigators of the intratympanic muscle activity

have attempted to make direct observations of muscle contrac-

tions through surgical exposure or via chronic tympanic mem-

brane perforations. For the most part, however, only the

stapedial tendon is directly available for easy visualization

4There has been considerable discussion of whether the
tensor tympani muscle is active in man to acoustic or non-
acoustic stimulation. This is a clinical question of consider
able importance. McRobert (1968), in a critical review of
the literature, and Liden, Peterson and Harford (1970) agree
that tensor activity is present in man but that the stapedius
predominates

.
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(Kobrak, 1948; Lindsay, Kobrak, and Perlman, 1936; Lorente

de No, 1933; Lorente de No and Harris, 19 33; Perlman and

Case, 1939) . Since visual observation limits the accuracy

of data quantification, other approaches have been developed

for studying the reflex activity. Electromyography (EMG)

measures the individual muscle fiber action potentials and

is, therefore, the most direct method. EMG activity from

both muscles in humans has been reported in response to both

acoustic and non-acoustic stimulation (Djupesland, 1965;

Fisch and Schulthess, 1963; Salomon and Starr, 1963). This

technique is not clinically feasible.

Extratympanic manometry has been the method employed to

determine direction of tympanic membrane movement. This

technique is made possible by sealing the external auditory

meatus with a probe containing a pressure-sensing device.

If the external meatus is properly sealed, the extratympanic

air pressure should decrease or increase with respective

inward or outward movement of the tympanic membrane (Flottorp

and Djupesland, 1970; Hoist et al. , 1963; Liden et al. , 1970;

Mendelson, 1961, 1963; Terkildsen, 1957, 1960a, c; Weiss et al.

1962). McRobert (1968), in a review of this measuring tech-

nique, noted that the theory for the tympanic membrane response

to individual muscle contraction is valid, but that there are

many inexplicable results (viz. Mendelson, 1957) suggesting

the need for better instrumentation. Moller (1964) and

Neergaard and Rasmussen (1966) also warn that small
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contractions of the intra-aural muscles may not produce a

measurable change in extratympanic air pressure. Instead,

these muscle contractions are reflected in a measurable in-

crease in the impedance to acoustic energy within the middle

ear

.

The technique used most extensively in the past decade

to indicate intra-aural muscle contraction is acoustic-

impedance measurement. Simply stated, a probe tone is directed

perpendicularly towards the plane of the tympanic membrane.

While most of this acoustic energy is transmitted through the

tympanic membrane and attached ossicular chain to the oval

window, a portion of the acoustical energy wave is reflected

back into the external canal from the tympanic membrane.

Since the probe tone input and the reflected tone pick-up

microphone are connected to the external auditory meatus

with an airtight seal, the reflected probe tone can be

monitored accurately. As the intra-aural muscles contract,

the acoustic impedance increases, causing an increased amount

of the probe tone to be reflected back into the external canal.

It is the increased amplitude and phase change of the reflected

tone which indicate that a change in intra-aural muscle

• 5activity has occurred. This type of measurement has passed

^Unless specifically stated otherwise, all acoustic-
reflex data concern the ear in which the reflex is elicited.
The ear at which the reflex is elicited may not necessarily
be the same ear in which the reflex contraction is recorded;
most often the reflex ear and the measurement ear are contra-
lateral to each other when using the acoustic impedance
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from an experimental method (Metz, 194 6; Zwislocki, 1957) into

the clinical armamentarium with the introduction of several

commercially available acoustic-impedance meters (Grason-

Stadler, 1973; Madsen, n.d.; Peters, n.d.; Terkildsen and

Scott Nielsen, 1960; Zwislocki, 1963). With the increasing

interest in the United States concerning this technique as

a diagnostic tool, critical evaluations of methods and the

commercially available equipment have been made. These instru-

ments have been found to be reliable (Nixon and Glorig, 1964;

Tillman, Dallos, and Kurvilla, 1963), sensitive (Moller,

1964) , and also relatively easy to utilize (Brooks, 1971)

.

Threshold of the Acoustic Reflex (ART )

The acoustic reflex first occurs at a predictable level

above the normal threshold of audibility. The predictability

of this reflex accounts for its clinical usefulness; there-

fore, it is forthwith described in detail along with factors

which can affect its performance and measurement.

For pure tones from 250 Hz to 4000 Hz the range of the

acoustic-reflex threshold (ART) is 70 dB to 90dB above the nor-

mal-hearing individual's threshold (sensation level: SL) with

a mean of approximately 80 dB SL (Deutsch, 1968, 1972; Jepsen,

1951) . Jerger, Jerger, and Mauldin (1972) report the range

measurement technique. If the reflex threshold concerns the
left ear, the reflex eliciting tone will be delivered to the
left ear. Because both sides will contract to unilateral
stimulation, the reflex action in the above example will be
recorded in the right ear. This eliminates acoustic inter-
ference of the eliciting tone with the probe tone, which may
cause misleading results.
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of values for the ART in 382 normal- hearing persons as being

normally distributed with a mean of 85 dB HL (ANSI-1969)

.

Ninety-five percent of their population fell within 7 0 dB to

100 dB HL and 99 percent within 65 dB to 105 dB HL. This

range of thresholds has been supported by others (Anderson

and Wedenberg, 1968; Deutsch, 1968, 1972; Harford and Liden,

1967-1968; Peterson and Liden, 1972) , although 95 dB to 100

dB HL is considered the upper limit for normals because

auditory lesions outside the cochlea tend to raise the ART,

e.g., conductive problems or eighth nerve lesions (Brooks,

1971; Anderson, Barr , and Wedenberg, 1970).

As shown in Table 1, the ART in SL is rather uniform

from study to study, except for the technique using manome-

try. Weiss, et a_l. (1962) show ART levels which are 10 dB

to 20 dB less sensitive than those measured by acoustic

impedance. Inspection of Tables 1 and 2 does not indicate any

systematic effect of frequency in sensation level or in

hearing level in normal subjects. In Table 3 more sound

2
pressure level (SPL re 0.0002 dyne/cm ) is necessary to

elicit the ART at lower frequencies. In this respect, the

acoustic reflex is similar to the threshold of audibility

in response to SPL.

The range of ART levels may be due to various types of

acoustic -impedance instruments (e.g., Burke, Herer, and

McPherson, 1970, as shown in Table 2) , threshold criteria

(Jerger et al., 1972 vs. Moller, 1961a, 1962a), a variety



16

o
o rH O m 00 1

o 00 00 r* 1

o *
o i

o i

1
1
1 i 0^

ro

o
o 1 CO r- CN 1

o 1 t> r- 00 1

CN

N o
IE CD i

i i i I

1 i i i 1

c rH

>1 O
u IN if} CO CN 1

o 00 1 00 1

/It 1

T 1

D1

CI) 1

I

i
1 1 CO

1 1
l | 1

CT>

00

>H o
[

rH iri i 1

U) o CO L CO 1
1

in
_^

PA

'O

c o 1
1

1
1 1 1 CO

•H o 1 1
1

i

I
1

"3-

rH
0
Ah O n U 1

1

I CTi i

CO in r CO CO 1

i

—

i

AtCD CN
5-1

v2 rnU J Efl

r i

tH CU H (j M M U)

rH CU CD IU rHIU \j j 01 CO

KA
PS ft^ vl) u J rn

CU 3 g Cn

rH (0 3 o CO u * Q
IH CO 53 ro CO CO 1 1

(1)

K
1

CN

u CN
•H CO

•P rH VD
CTi

CO a~i rH
rH

u
o vo H ro H «.

(Ti in rH
rH 0^ cr^ f3H rH

• <u
1 +J

rH £1 +M D
o c c M

CU CO o (U CU W
rH -p CO CO tJI CQ

XI d a d, Sh e •H
(tJ 0) a) CU <y

EH a 1-3

N
K
o
o
CN
m



17

O
O CM in r>. CO 1o m CO CO CO CO co 1

o H |o 1

.

1 CN 1 >x> 1 r—

|

o 1 CO 1 00 ' CO
CO

N
id o

o 00 1 1 CO (

—

CO 1

c o 00 1 CO CO CO CO 1H CM

>i
U o
c o 1 1 1

in 1 1 1
1
I CO

iH
tr
G
n o

o VD lO ro CO V£> L£>
1o 00 C\ CTi CO CO CO CO )

rH

o CO M LP, LP, cn CO ro LP)o CO cr, CO CO CO CO
in

o m 1 1 CM I ro 1 1

in CO 1 1 I CO 1 1

CM

in
CO

CO
CO

CO

0
in

W
(H

0 M m
rH Q) 0 CO CO

CO CO

e e o
o H rH

W 2 CM CM CM

LP)

CO

in
CO

in
CO

CO

to
CO to to M
L0 CO to CO CO ft!

CO CO Q)
CM in co
CO CTi o 1 1 00m H CO CM rH 00

CO CO

en CM
H rH

1

r-
cn CM

r> rH I*-

tT io a>
H eft rH

C
XI CM 0

c o o to c
OJ r- r- c m CO Ma o> (1) rH <D 13
a) H rH -P H
s H rH 0) m

v. • CL, id id
• rH CM T3

c CO
1 T3 ^> c

Id ml rd
1 c Hi C m a

id CCt 1 id rH rH
c +*l 01 co VI 01 **\ M 0
CO u M 01 QJ M M CO

n 0) o 0 x! 0 0 M
a) M CM tn o rH rH <D
*3 U M M e rH rH rH 4J
c id cy 0 0 0< a g g ft

0

-dH
M •

XI OJ

tn
0 Tj
O -H
c n
(0 XI

0 0
04 O
6 C
-iH rO

O 0
•H CU
P s

0 rH
o m
rd O • .

0 "H • • N N
Vl C N NK JJ
-u to k a
U X! o o
0 O O LP) o o
rH OJ O CM CM CM
OJ g CO in rH CO

U X! 0 TJ OJ MH



o
o
o
>*

o
o
o

N
X o

o
c o
•H CN

>1
o O
c O
0) in
3 rH
C7*

0)

M o
Cn o

o
H

o
o
LT)

o
in
CN

0) u
i—I <u

e I
fd d
w 2

cn

in
en CTl

IC
cn

cn

CTl

m

O
in ro in

cn CTi cn

XIO O in
o o o cn CTl

rH rH

rrj

r- | CTl 1 o
rH o 1 o
rH H rH

n <n

CO n CO CO
CO

o. CN m ro
00 m l

rn rH CN rH

00
<D
<T>

rH
1

r~-

en
rH

CN

c cn CO
0) rH \£>

T3
•H rH

rd

41
rH CN

a
G cn cn
id

ail

•31 rH rH

SIM u U
o <D 0) <D
4-1 Cn XI rH rH

e rH rH
id a) id 0 0
33 2 2



19

of stimulus parameters (durations, inter stimulus intervals,

intensity increments, and spectral components) , and age of

the sample population (Jerger et a_l . , 1972).

The standard deviation of the acoustic-reflex thresholds

in response to pure tones has been reported to have a range

of 6.4 dB (Jerger et al . , 1972) to 9 dB (Deutsch, 1968).

Harford and Liden (1967-1968) list high Spearman rank-order

correlations for test-retest reliabilities for 250 Hz, 1000 Hz,

and 2000 Hz and poorer results for 500 Hz, 3000 Hz, and 4000 Hz.

Moller (1962a) kept the acoustic reflex repeatability within

1.2 dB, but used a 10 percent change of maximum reflex con-

traction. The reported ART variability of 9 dB may be due,

in part, to the unknown physiological processes causing the

arefiex at 250 Hz, 4000 Hz, and 6000 Hz to be absent or in-

consistently elicited, even in the presence of normal occur-

xing. response to pure tones in the middle frequencies

ZjDeutsch,, 1972; Fulton and Lamb, 1972; Jerger et al . , 1972).

Xte has; been- reported. that complex stimuli of narrow band

Offc whiter noise- elicit- the: ART: at- lowers intensity levels than

ptare-r-tone sinusoids." ; Along: with_ the_ increased sensitivity

tiaerBiis also" improvement, of threshold stability (Dallos,

3.964; -_ Deutsch,: 1968, 1.972; Djupesland , : Flottorp , and Winther

,

i#66jc Lillys _19 64 j McRoberta Bryan, and Tempest, 1968; Moller,

i96-2b-; Peterson and Liden,: 1970, 1972)%: : :
-

1?:4 There is general agreement that. the acoustic reflex is

significantly influenced by the energy level outside the
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critical bandwidth. The ART is more or less constant as the

bandwidth is increased to a critical value. Beyond this

critical bandwidth the acoustic-reflex threshold will decrease

as the bandwidth increases (Flottorp, Djupesland, and

Winther, 1971; McRobert et al. , 1968). Moller (1962b), in

contrast, did not see a consistent change in all subjects as

bandwidth was increased, but it is possible that he did not

extend his bandwidths far enough. Moller did obtain improve-

ment in threshold for one subject for which the bandwidth sur-

passed the critical width determined by Flottorp et al .

(1971) at 525 Hz fc . The work by McRobert et al. (1968)

established that the lowering of ART with increasing band-

width is dependent upon the center frequency, and is more

pronounced at 1000 Hz f . Apparently, the critical bandwidth

with which the reflex mechanism responds to auditory stimuli

widens with increases in sound pressure level (Hung and

Dallos, 1972)

.

The acoustic—reflex threshold does not seem to differ

regardless of ascending or descending stimulus presentation

approach (Beedle, 1970; Harford and Liden, 1967-1968; Peterson

and Liden, 1970, 1972), although Deutsch (1968, 1972) reports

a systematic improvement of threshold over three test trials.

Beutsch attributes the ART improvement of approximately 2 dB

from trial to trial to "auditory sensitization" (Hughes,

1954, 1957) . Simmons (1960) labels this response condition

"post-tetanic potentiation" and attributes this sensitivity
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to hyperexcitability of the brain- stem structures. These

results might also be ascribed to conditioned "learning,"

but Bates, Loeb, Smith, and Fletcher (1970) were unable to

condition the reflex.

Threshold of the acoustic reflex is normally defined as

the lowest stimulus level at which the reflex can be elicited

(Anderson et al. ; 1969, 1970; Beedle, 1970; Deutsch, 1968;

Djupesland and Zwislocki, 1971; Peterson and Liden, 1972;

and others) . This minimal change in muscle contraction is

unacceptable to Moller (1962a) , who uses 10 percent change

of the maximum impedance change. His criterion keeps the

ART reliability within 1.2 dB while reliability deteriorates

as the minimal detectable reflex is approached. In addition,

the ART has been elicited in successive steps of 1 dB

(Djupesland and Zwislocki, 1971), 2 dB (Lamb et al . , 1968)

and 5 dB (Jerger et al . , 1972) , which might account for some

of the reported threshold level differences.

Stimulus duration, another variable affecting the

acoustic-reflex threshold, is reported by Lorente de No

(1935) as having an effect on the tensor tympani response in

rabbits. The strength of the muscle contraction increases

as a function of increasing stimulus duration with the

stimulus level held constant. Further studies have shown

that the acoustic—reflex threshold in SPL becomes increasingly

lower (more sensitive) as the signal duration is increased

to about 200 msec (Djupesland and Zwislocki, 1971; McRobert,
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Bryan, and Tempest, 1968; Moller, 1962b; Simmons, 1963;

Weiss, Mundie, Cashin, and Shinabarger, 1962) . A 500-msec

duration tone approximates the results of longer stimuli for

eliciting a steady change in impedance at the tympanic

membrane. With regard to the auditory response to long

duration signals, Dallos (1964) and Harford and Liden (1967-

1968) have observed that adaptation takes place only over

longer periods of time, e.g., 15 seconds to 30 seconds. This

adaptation is thought to be an afferent process, because

recovery is instantaneous upon changing to a new test fre-

quency. This afferent adaptation is also frequency-dependent,

with higher frequencies demonstrating more response decay

(Anderson et a_l . , 1969; Melcher and Peterson, 1972).

The ear in which the reflex is recorded can also influ-

ence the level of the acoustic—reflex threshold. Recordings

made in the stimulated ear, instead of the contralateral ear,

improve threshold sensitivity (Moller, 1961b) . Bilateral

stimulation improves the threshold value even more (Moller,

1962b)

.

The frequency of the recording probe tone can in itself

influence the acoustic-reflex values. Peterson and Liden

(1972), averaging the ART for 500 Hz and 4000 Hz, state that

a 220-Hz probe tone is about 6 dB more sensitive than a 625-

Hz probe tone in eliciting the ART, while a 800-Hz tone is

between them. In an earlier study, Harford and Liden (1967-

1968) recorded an unsystematic 2-dB threshold difference
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between a 2 20- Hz and a 800- Hz probe tone frequency. This

latter study does not agree with the findings of Mehmke and

Tegtmeier (197 0) in which there should be a 8 dB loss in

transformer efficienty for low frequencies. Lilly and

Shepherd (1964) and Feldman (1967) have also observed that

the acoustic impedance varies with the frequency of the probe

tone.

The choice of probe tone frequency may be dependent upon

the length of the sinusoidal wave and its relation to the

dimensions of the external auditory canal. Acoustic impedanc

becomes more sensitive to changes in probe position in the

external auditory meatus and to increased diameter of the

meatus as the probe frequency increases. This may be mini-

mized by using a low frequency probe in a larger volume, e.g.

at the external meatus (Schoel and Arnesen, 1962) . This con-

tention is not supported by Djupesland et al. (1966) , who

see no effects of probe position. Djupesland and his asso-

ciates used 5-dB test increments, which may have obscured any

small but significant results of plug position.

It might be possible that the attributed frequency ef-

fects of the 'probe tone are due to the varied, and often

unreported, intensity levels of the probe tone. It is impor-

tant that the probe tone not be intense enough to evoke the

acoustic reflex, since it is there to indicate the existence

of intra-aural muscular contraction and not to elicit it

(see footnote 4) . The probe tone level must also be above
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the background environmental and physiological noise so that

the background noise does not cause spurious results. In

order to meet these two criteria a larger dynamic range is

available with a low frequency probe tone. The fact that low

frequency tones elicit the ART at higher intensity levels can

be seen in Table 3. It is not possible to know whether the dif-

ference in ART levels is a real effect of probe frequency or

one due to the intensity level of the probe tone (Lilly and

Shepherd , 1964 ; Terkildsen, Osterhammel, and Scott Nielsen,

1970)

.

Acoustic -reflex dynamics of magnitude and latency

The intra-aural muscle response had also been observed in

terms of how the reflex changes as the stimulus intensity is

increased above threshold. The response magnitude of the

acoustic reflex grows as a function of intensity to approxi-

mately 30 dB above the acoustic-reflex threshold (30 dB ART

SL) (Dallos, 1964) . Most of this growth occurs within 16 dB

ART SL (Djupesland et a_l . , 1966) at a near linear rate (Dallos,

1964; Moller, 1962a; Peterson and Liden, 1970; Weiss et al .

,

1962) with no observable increases to pure tone stimuli be-

yond 120 dB SPL (Hung and Dallos, 1972) . Low frequency tones

cause the AR to grow at a faster rate than high frequency

tones (Djupesland, et al . , 1966; Harford and Liden, 1967-

1968) . There does not seem to be agreement whether one par-

ticular frequency or noise band causes a larger change in

the reflex (Djupesland et al . , 1966; Fisch and Schulthess,

1963; Johansson, Kylin, and Langfly, 1967)

.
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Latency, the period from signal onset to contraction,

and contraction time, the interval from stimulus onset to

maximum contraction, were some of the earliest acoustic re-

flex characteristics studied (Loeb, 1964) . Latency decreases

as the intensity is increased above the ART (Dallos, 1964;

Fisch and Schulthess, 1963; Perlman and Case, 1939) . The

diortest latency of the stapedius muscle and tendon is about

10 msec to 15 msec in man (Fisch and Schulthess, 1963; Neer-

gaard and Rasmussen, 1966; and Perlman and Case, 1939) , while

the tensor tympani has a comparatively longer latency of 50

to 120 msec. There is considerable intra- and inter-subject

variability in latency (Moller, 1958) . This is due, in part,

to the obscurity of the contraction close to threshold, but

the shorter the latency the more reliable the trace (Neergaard

and Rasmussen, 1966) . The latencies of the ART are among the

shortest for muscle reflexes in man. Fisch and Schulthess

(1963) conclude from an EGM study that this short latency,

especially for stapedial contraction, is probably due to the

limited number of synapses in the crossed acoustic—reflex arc.

The longer latency obtained from the tensor tympani—reflex

arc may indicate that it has additional synapses (viz. Figure

1) •

The maximum impedance change may be reached within 400

msec to 500 msec after signal onset. Some contraction may be

present as long as one second after signal offset. Djupes-

land and Zwislocki (1971) contend that the growth and decay
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of the muscle reflex is symmetrical. Decay from maximum con-

traction is apparently independent of intensity and frequency.

Although the importance of the acoustic reflex can be

obscured by the many factors affecting it, consistent thres-

hold levels have been obtained in a number of studies. The

consistency of the acoustic-reflex response contributes to

its utility as a clinical tool.

Clinical application of the acoustic reflex

Metz (1946) introduced acoustic impedance measurement as

a clinical tool. He included the presence of the acoustic

reflex and the level necessary to just elicit this reflex as

one of the useful dimensions of acoustic impedance. The

absence of the reflex can support the inference that a middle-

ear problem exists in the ear under test. Terkildsen and

Scott Nielsen (1960) and Klockhoff (1961) presented clinical

cases showing that a relatively normal middle ear is necessary

to elicit an intra-aural reflex. In other words, some authors

feel that the presence of a reflex is indicative of a normal

middle-ear (Feldman, 1967; Klockhoff, 1961) . This is not

necessarily true, however. Brooks (1969, 1971) states that

a minor conductive component will not abolish the reflex but

instead elevate the acoustic -reflex threshold. He concludes,

therefore, that only subjects exhibiting a reflex to 95 dB

HL (ISO-1964) or less in the contralateral ear should be

regarded as having normal middle-ear function.
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The manometer system in an electroacoustic impedance

bridge is able to approximate the amount of pressure in

the middle-ear. For the most part, ± 50 mm of equivalent

water pressure (re atmospheric pressure) is considered within

normal limits. Hearing and acoustic-reflex thresholds do not

deteriorate within this pressure range in the middle-ear

(Alberti and Kristensen, 1970; Peterson and Liden, 1970).

Negative middle-ear pressure is more detrimental to thresholds

than positive pressure (Moller, 1965), but the AR may be

stronger with slightly negative canal pressure (Terkildsen,

1964). Terkildsen (1960c) even states that the stapedial

reflex is found around normal atmospheric pressure, while the

tensor reflex is enhanced by negative pressure.

In the absence of middle-ear conductive problems, the

level at which the AR is just elicited above the threshold of

audibility is useful in confirming a cochlear abnormality.

It has been observed that in the majority of mild to moderate

sensorineural hearing losses the acoustic-reflex threshold

occurs at approximately the same hearing-threshold levels (HL)

as the normal ART (Alberti and Kristensen, 1970; Ewertsen,

Filling, Terkildsen, and Thomsen, 1958; Jerger et a_l. , 1972;

Klockhoff, 1961; Kristensen and Jepsen, 1952; Lamb, Peterson,

and Hansen, 1968; Metz, 1946, 1952; Peterson and Liden, 1972;

Terkildsen, 1960b; Thomsen, 1955a,b; and others) . If the

ART occurs at 55 dB to 60 dB SL or less, the hearing loss is

considered to be due to cochlear impairment. The ART is
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seldom seen below 25 dB SL and never less than 5 dB to 10 dB

above pure-tone threshold (Jerger, 1970; Jerger et al . , 1972;

Lamb and Peterson, 1967; Lamb, Peterson, and Hansen, 1968).

If a reflex is obtained at less than 5 dB SL it can be

assumed that the pure-tone hearing loss is due to non-organic

causes (Jepsen, 1953, 1963; Lamb, Peterson, and Hansen, 1968;

Terkildsen, 1964; Thomsen, 1955b)

.

Liden (1970) demonstrated that the intra-aural reflex

can be used as an objective loudness-recruitment test. He

compared 52 ears with unilateral Meniere's syndrome, 30 ears

of athetoid children and 9 ears presenting acoustic tumors

The patients were divided into three groups according to the

level of the reflex thresholds and magnitude of separation

between their threshold of audibility and their ART. If the

ART exceeded 95 dB HL (ISO-1964) , or if the intensity span

between the pure-tone threshold and the ART was less than

75 dB, the response was considered abnormal. These two value

correspond, respectively , to the ninetieth and tenth percentiles

on 88 normal—hearing control subjects.

Liden maintains that a reduced intensity span between

the ART and the pure tone threshold is a result of a cochlear

lesion, and an elevated ART represents a probable higher

order lesion. A reduced span superimposed on an elevated ART

represents both areas as foci of the lesion. For the most

part, his three pathologic groups support this contention,

even though his span of 75 dB for normal hearing is 10 dB to
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15 dB more conservative than the other reported studies. As

further support he obtained pre- and post-noise exposure

thresholds, purs tone and reflex, on 11 cats. The results

can be seen in Figure 3. An average permanent threshold shift

of 44 dB resulted with an elevation of the ART by only 1 dB

from the pre-exposure levels. The only noticeable effect upon

the ART was a slight increase in the standard deviation across

the four reflex eliciting frequencies. It appears, therefore,

that the acoustic reflex is a loudness-sensing mechanism that

can be used clinically to indicate the possible presence of

loudness recruitment.

To further authenticate the meaning of the acoustic-re-

flex level in cochlear—impaired persons, comparisons have

been made with loudness-balance tests and other audiometric

indicators of cochlear lesions. In most cases a comparison

is made with a unilateral end-organ disease and results of

the ABLB, as the standard of loudness recruitment. The re-

sults indicate that the ART level above the threshold of

hearing is as good as the ABLB and slightly better than the

SISI for determining an end-organ lesion (Alberti and

Kristensen, 1970; Ewertsen et al . , 1958; Kristensen and

Jepsen, 1952; Lamb et al., 1968; Liden, 1970; Thomsen, 1955a;

and others) . It is definitely a better and more reliable

predictor of sensory damage than the Monaural Bi-frequency

Loudness Balance, the Difference Limen for Intensity or

Frequency, the Uncomfortable Loudness Level, and Bekesy Types
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(Ewertsen et al. , 1958; Niemeyer, 1971). Coles (1972), how-

ever, argues that the ART, like the Uncomfortable Loudness

Level, is a vague concept and is only diagnostically useful

when absent.

Beedle (1970) doubts that the ART is indicative of end-

organ damage. If, in fact, the ART is a measure of loudness

recruitment, it does not continue to demonstrate this rapid

growth in loudness above the ART. Instead, the reflex growth

function is less steep and slower than in normal ears.

(Also see Beedle and Harford, 1971; Peterson and Liden, 1970,

1972.)

As the hearing loss increases, the level of the acoustic-

reflex threshold also increases but not proportionately (Liden,

1970) • Sensorineural hearing losses beyond 70 dB to 80 dB

HL (ISC—1964) do not normally demonstrate an acoustic reflex

at any intensity (Jerger, 1970; Jerger et al., 1972; Terkild-

sen, 1960b) . Jerger makes use of this fact to predict the

probability of the hearing level at the threshold of audi-

bility. For example, in the presence of a reflex, there are

5 chances in 10 that the loss does not exceed 85 dB HL (ISO-

1964) and there is only 1 chance in 10 that it is as much as

100 dB HL. This is a nebulous approach at best, because it

lacks quantification for specific cases.

In summary, the acoustic reflex is a well-defined physio-

logical phenomenon which has diagnostic value and gives ob-

jective information, its clinical value and true objectivity
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occurs when the involuntary acoustic-reflex threshold is

compared with the threshold of audibility. When the dynamic

range between the two thresholds is 55 dB or less, there is

cochlear impairment. By independently varying the signal

duration at threshold of audibility, more diagnostic informa-

tion is gained. This manipulation of auditory processing, as

seen in the next section, may be applied to the acoustic re-

flex threshold as well.

Temporal Summation

There is a psychophysical assumption that the normal

auditory system can summate, or integrate, acoustic power over

some critical period of time. Since the initial work of Garner

(1947b), Garner and Miller (1947), Hughes (1946), Munson (1947),

and de Vries (1948) , considerable interest has been generated

over the concept of "trading" increased acoustic power with

a decreased signal duration to maintain a constant loudness

level. When the on-time of the auditory stimulus is sequen-

tially halved, starting from some critical duration, the

signal power is reduced 2 dB to 3 dB with each decrement, i.e.,

from 200 msec to 100 msec, from 100 msec to 50 msec, etc.

The critical long duration is thought to be about 200 msec

and a linear relationship holds to a critical short signal

length of approximately 10 msec.

Perfect integration

If one assumes perfect integration (Garner, 1947a, b;
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Garner and Miller, 1947) , the ear would trade 1 log unit of

intensity (1 bel, 10 dB) for 1 log unit of duration (10 msec

to 100 msec, 20 msec to 200 msec, 15 msec to 150 msec) . Even

though there is an increase of power as stimulus time in-

creases, the acoustic energy required to maintain the thres-

hold of audibility is relatively constant. This accumulation

of power over an average tenfold decrease in time may be

inferred from threshold data using a single-slope value (Clack,

1966; Garner and Miller, 1947; Munson, 1947; Northern, 1967;

and others) . When this slope value is 10 dB it is considered

perfect temporal integration of energy. Perfect integration

is most often observed for the sinusoid of 1000 Hz.

The time constant of temporal integration (TQ ) marks the

point at which time and intensity cease to have a linear

relationship; it is thought to occur between 200 msec to 250

msec. Goldstein and Kramer (1960) observe integration occur-

ring through 200 msec, but Harris, Haines, and Myers (1958)

report individual time constants ranging from 100 msec to

300 msec with a mean of 200 msec. Plomp and Bouman (1959) and

Hempstock, Bryan, and Tempest (1964) indicate that TQ is

inversely related to frequency; TQ changes from about 375 msec

at 250 Hz to approximately 150 msec at 8000 Hz. Regardless

6Acoustic energy can be stated in the simplest form as
E = PT, where E is acoustic energy, P is acoustic power, and
T is linear for a certain period of time, the time constant.
Further increases in signal duration beyond the time constant
have less and less effect upon threshold level.
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where T
Q
may fall, integration is essentially complete between

500 msec and 1000 msec (Zwislocki, 1960) .

The phenomenon of integration of acoustic power over

time is attributed to temporal summation in the auditory

system and, most probably, is neural in nature (Zwislocki,

1960) . The term summation is introduced by some authors be-

cause it is felt that the response pattern represents tem-

poral summation at the synaptic junctions in the neural path-

ways. More specifically, this apparent linear function of

log time and log power is due to an exponential decay of the

persisting neural excitation (Plomp and Bouman, 19 59; Zwis-

locki, 1960) . At threshold, there appears to be a direct

proportionality between an increase in the intensity of

acoustic power and the increase in neural excitation, which

is modified somewhat at suprathreshold levels by neural adap-

tation and the loudness of the stimuli (Zwislocki, 1960)

.

The neural mechanism for temporal integration probably exists

at the neurons above the first and, possibly, the second order,

but before the level of binaural interaction at the superior

olivary complex (Zwislocki, 1960)

.

Stimulus parameters

The literature indicates that, in addition to duration,

other various stimulus parameters affect temporal integration.

Those most often cited are stimulus spectrum, rise and decay

time, definition of the signal duration, inter-stimulus
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interval, attenuation rate, method of threshold calculation,

and psychophysical procedure.

Earlier studies indicate that for a narrow band of

frequencies between 1000 Hz and 4000 Hz a 10 dB/decade slope

is generated (Garner, 1947a; Garner and Miller, 1947; Hughes,

1946; Munson, 1947) , while narrow- or wide-band noise bursts

demonstrate about a 8 dB/decade change in threshold inte-

gration (Garner, 1947b; Miller, 1948; Small, Brandt, and

Cox, 1962) . There are no systematic differences in the slope

between threshold determination in quiet (Garner, 1947b;

Hempstock, Bryan, and Tempest, 1964; and others) and in back-

ground noise (Garner and Miller, 1947; Blodgett, Jeffress, and

Taylor, 1958; Hempstock et al., 1964; Gengel, 1972; Plomp

and Bouman, 1959; and others).

More recently, a controversy concerning frequency effects

has developed. While 1000 Hz elicits an average slope of 10

dB per decade, lower frequencies have a steeper slope and an

increase in frequency produces a flatter slope, as seen in

Figure 4 (Brahe Pedersen and Elberling, 1972; Elliott, 1963;

Gengel, 1972; Gengel and Watson, 1971; Hattler and Northern,

1970; Hempstock et al. , 1964; Miskolczy-Fodor , 1953; Northern,

19 67; Olsen and Carhart, 1966; Sanders, Josey, and Kemer,

1971; Sheeley and Bilger, 1964; Simon, 1963; Tempest and

Bryan, 1971; Watson and Gengel, 1969). Some investigators

feel that there is no frequency dependence (Clack, 1966;

Martin and Wofford, 1970; Wright, 1968a, 1972; Zwicker and



36

16 32 64 128 256 512 1024

SIGNAL DURATION IN MSEC

Figure 4. Average temporal integration slopes as a
functxon of frequency. In general, as frequency decreases
the slope steepens. (Redrawn from Watson and Gengel, 1969.)
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Wright, 1963) . Inter-subject variability may cause the

difference in frequency dependence (Clack, 1966) . Another

possibility is that frequency dependence may be observed at

shorter durations but not necessarily at the longer signal

on-times (Olsen and Carhart, 1966) . Price (1972) has also

suggested that the external ear may cause a transformation of

the stimulus parameters in some subjects by raising the

energy peak in frequency and by legthening short pulses,

thereby possibly nullifying the effects of frequency.

Frequency dependence is, in part, related to the type

of psychophysical procedure used. Bekesy tracking and forced-

choice tracking show little or no frequency dependence, but

the frequency effect is demonstrated by the method of adjust-

ment, method of limits, method of constant stimuli, and

confidence ratings (Bilger and Feldman, 1969; Chamberlin and

Zwislocki, 1970; Watson and Gengel, 1969). In the majority

of studies Bekesy tracking is the method used.

Even though there is large individual variability in the

value of the slope (Clack, 1966; Gengel, 1972; Green et al.

,

1957; Hattler and Northern, 1970; Martin and Wofford, 1970) ,

there is general agreement that the test-retest variability

is good (Doyle, 1970; Hattler and Northern, 1970; Olsen and

Carhart, 1966, Plomp and Bouman, 1959) . Gengel and Watson

(1971) suggest at least 12 threshold crossings for each

data point when using Bekesy tracking in order to achieve a

reliable reading.
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Spectral characteristics of the signal as a function of

duration cannot be divorced from the integrating bandwidth,

or the critical band of the ear (Fletcher, 1940; Scharf,

1970) . The theoretical bandwidth of a pulsed tone is pro-

portional to the reciprocal of the signal's duration, or

1/t. As long as the spectrum of the test tone remains within

the critical bandwidth of the ear, all of the energy will be

integrated. If not, there should be a loss in sensitivity

(Garner, 1947a; Green et al . , 1957; Olsen and Carhart, 1966;

Sheeley and Bilger, 1964; Wright, 1968a). The spread of

energy by abrupt low frequency signals upward to the more

sensitive frequencies of the ear has been misinterpreted as

an apparent increase of sensitivity within the critical band.

It has resulted in the assumption that the ear does not inte-

grate low-frequency tone pips (Campbell and Counter, 1969;

Karlovich, Lane, Smith, Tarlow, Thompson, and Vivion, 1971)

.

The point is that one must carefully monitor the test stimuli

so that the duration of the tone burst is maintained within

the critical bandwidth (Wright, 1968a)

.

Some variability in temporal integration has stemmed

from lack of defined criteria of stimulus duration. Goldstein

and Kramer (1960) measured the duration between energy onset

and cessation, while Harris (1957) designated as criteria

the half-power points on the stimulus envelope. An "equiva-

lent duration" has also be used (Brahe Pederson and

Elberling, 1972; Dallos and Johnson, 1966; Dallos and Olsen,
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1964; Olsen and Carhart, 1966) . An equivalent-duration tone

pip contains the same amount of energy as a rectangular

envelope and allows for the comparison of widely varying

envelope shapes. The use of the equivalent duration fits or

allows the conversion of the overall stimulus envelope to fit

the slope of Garner's model (1947b), which states that not all

energy is used by the ear to summate temporal information

(Dallos and Olsen, 1964) . The best measure of the acoustic

waveform is still a moot question because the conversion from

the half-power points to equivalent duration of Harris 1 data

(1957) by Dallos and Olsen (1964) demonstrate no difference.

The time in which the stimulus envelope rises to and

decays from its effective peak is a critical variable in

auditory measures using pure-tone stimuli. If the stimulus

starts or stops too abruptly, a wide-band transient may be

generated, thereby biasing the results (Wright, 1958, 1968a).

A minimum 5 msec rise/fall time measured on the linear por-

tion of the ramp (between 10 percent and 90 percent of maximum

amplitude of the acoustic waveform) is most often suggested

(Harris, 1957; Wright, 1960, 1968a). No differences occur

with rise/fall times varying from 0 msec to 50 msec if the

equivalent duration is held constant (Dallos and Johnson,

1966; Dallos and Olsen, 1964)

.

The inter-stimulus interval, or the off-time between

successive stimulus envelopes, must be kept long enough to

ensure neural independence between stimulus events. Since
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the theory of temporal summation is based on neural decay,

the minimum off-time should be 200 msec (Zwislocki, 1960)

.

In addition, a "critical off-time" has been calculated where-

by successive stimuli having less than a 200 msec inter-

stimulus interval take on the threshold value of one contin-

uous tone (Jerger, Jerger, Ainsworth, and Caram, 1966)

.

Doyle (1970) in a temporal integration study varied the inter-

stimulus interval from 100 msec to greater than 500 msec.

There were no differences in temporal—integration results as

long as the dead time was a minimum of 500 msec, but the

slopes flattened as the off-time was shortened to 100 msec.

In practice, therefore, the inter-stimulus interval should

exceed the theoretical minimum, and probably be no less than

500 msec.

The repetition rate of the signal per unit of time,

usually one second, is also based on consideration of decay

of neural excitation. If one desires to keep the repetition

rate constant, then the rate is determined by the length of

the longest-duration test signal and the desired inter-stimulus

interval. Wright (1968a) recommends the use of the same

repetition rate for all test stimuli so that sampling per unit

of time will be uniform.

Some attention has been given to attenuation rate for

those test procedures employing semi -automated equipment, for

example, Bekesy tracking. Hempstock et al. (1964) observed

an increase in the standard deviation of the threshold as the
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number of pulses presented at each discrete level decreased

from eight pulses to one pulse. There was no significant

difference in the mean threshold. Wright (1968a) suggests

using an attenuation rate of 2.5 dB/second at a repetition

rate of 1/second as a standard.

The choice of ascending, descending, or mean thresholds

can give threshold values differing as much as 3 dB at any

one signal duration (Hempstock et al . , 1964). Therefore,

for the majority of the cases, where applicable, mean values

determine threshold. The vast majority of recent publications

dealing with temporal integration have used the Bekesy track-

ing procedure, where the averaged midpoint of the crossings

is considered to be the threshold value.

Effects of end-organ lesions
upon temporal integration

Considerable interest has been generated in the use of

temporal summation as a diagnostic tool for end-organ patholo-

gies; this is otherwise known as brief-tone audiometry. A

cochlear lesion seemingly increases the integration ability

of the ear. As the duration is decreased, less acoustic power

is needed to maintain constant energy for threshold (Brahe

Pederden and Elberling, 1972, 1973; Doyle, 1970; Elliot,

1963; Gengel and Watson, 1971; Gengel, 1972; Harris et al.

,

1958; Hattler and Northern, 1970; Jerger, 1955; Martin and

Wofford, 1970; Miskolc zy-Fodor , 1953, 1956, 1960; Nerbonne,

1970; Olsen, Rose, and Noffsinger, 1973; Sanders and Honig,
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1967; Sanders, Josey, and Kemer , 1971; Wright, 1968b; Wright

and Cannella, 1969) . The integration slope is not affected

by either conductive problems (Miskolczy-Fodor , 1956; Harris

et al . , 1958; Wright, 1968b; Wright and Cannella, 1969) or by

retrocochlear problems (Olsen et al . , 1973; Sanders et al.

,

1971) . The critical time at which the temporal integration

begins, or the time constant of integration, also seems to

be shortened to about 100 msec or less depending on the par-

ticular frequency (Miskolczy-Fodor, 1953, 1956, 1960; Harris

et al. / 1958; Sanders and Honig, 1967; Wright, 1968a). The

abnormal results of cochlear damage to slope and time con-

stant can be seen in Figure 5, i.e., the slope is flatter,

the time constant is shorter, or both.

It has also been suggested that brief-tone audiometry

may even be so sensitive as to detect incipient damage to the

cochlea (Campbell and Counter, 1969; Sanders and Honig, 1967;

Wright, 1968a) to detect recruitment (Miskolczy-Fodor, 1956,

1960) , and to differentiate between various cochlear

lesions (Harris et al., 1958). Invariably, these attributes

are artifacts of unaccounted frequency effects, energy spread,

and/or inter-subject variability (Gengel and Watson, 1971;

Karlovich et al . , 1971). Olsen et al. (1973) cast doubt on

the efficacy of temporal integration to differentiate be-

tween end-organ and eighth nerve lesions because of the large

overlap between populations.
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Figure 5. Examples of temporal integration. Cochlear-
impaired integration functions can be flatter, can have a
shorter time constant, or both. (Redrawn from Gengel and
Watson, 1971.)
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Nerbonne (1970) , who studied temporarily fatigued ears,

and Sanders et a_l. (1971), who studied cochlear lesions,

demonstrated that the SISI and ABLB, as well as brief-tone

audiometry are sensitive indicators of cochlear lesions.

Brief-tone audiometry can yield definitive results when the

ABLB shows partial recruitment and negative SISI scores are

present (Sanders et a_l. , 1971) . There is some correspondence

between amount of recruitment and degree of aberration of

temporal integration, but, for the most part, temporal inte-

gration is assessing some other aspect of sensory lesions

(Nerbonne, 1970) . Abnormal temporal integration seems to be

part of a syndrome of a distorted time domain of enlarged

critical bands and critical ratios (Northern, 1967; Sheeley,

1963; Simon, 1963) and poorer performance on difference limens

for frequency (Sheeley, 1963) . Temporal integration, by way

of its relation to critical bands, seems to have a common

basis with several phenomena related to the tuning of the

auditory system (Licklider, 1951) that are not presently

measured clinically. The method of brief-tone audiometry,

therefore, presents clinicians with another possible test

for end-organ abnormalities, if proper standards are set

forth for the various stimulus and test parameters, and nor-

mal response limits are determined.



CHAPTER II

STATEMENT OF THE PROBLEM

Innumerable studies detailing the identification and

quantification of cochlear abnormalities indicate that, with

patients who cannot or will not cooperate fully, the present

diagnostic measures are inadequate in obtaining information

on auditory processing. Further understanding of the func-

tion of the acoustic-reflex threshold and the effect of

temporal integration upon threshold measures may fill this

void in diagnostic testing of the auditory system. Such a

measure may be obtained by maintaining a constant reflex

strength as a function of increasing acoustic power while

signal duration is decreased, or, in other words, temporal

integration of the acoustic reflex. Since there are rela-

tively few data concerning temporal integration of the acous-

tic reflex, the pertinent literature will now be reviewed.

As early as 1935, Lorente de No reported the effects of

varying short signal duration upon the contraction of the

tensor tympani muscle of the cat. He used as much as 140

dB SPL and durations from 3 msec to 100 msec. He explained

his results in terms of neural summation, which occurs at the

synapse. 1
At some synapses one pre-synaptic impulse is not

1
For further information regarding synaptic summation

see the classical treatise of Sherrington (1906, 1947);
also see Brink (1951)

.

45
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enough to initiate a post-synaptic impulse, it is therefore

necessary to summate several incoming impulses, i.e., spa-

tial and temporal summation. Spatial summation occurs as a

result of neural impulses converging simultaneously at a

synapse but from different neural fibers. Since an increase

in the number of neural fibers transmitting impulses is

thought to be a method of coding increased stimulus intensity,

spatial summation can also be in response to increased inten-

sity. Temporal summation results from successive impulses

reaching the synapse through the same fibers. With the tem-

poral form of neural summation, the post-synaptic potential

occurs as the signal duration increases. It is the amount of

information that each fiber carries and the number of fibers

invoked which makes the difference in the type of summation.

Lorente de No has suggested, therefore, that varying the

signal duration changes the strength of the acoustic reflex

by virtue of temporal summation.

Simmons (1963) has also demonstrated temporal summation

of the intra-aural muscles in cats to acoustic stimulation.

His results are explained in terms of an on-response in the

auditory system in which there is linear integration of

acoustic power from 5 msec through 50 msec at a rate of 8 dB

per doubling of duration. There is only a 2-dB acoustic-

reflex threshold improvement from 50 msec to 100 msec which

indicates a time constant of 50 msec. In comparison to

temporal integration at threshold of audibility in man, the
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time constant is about 200 msec and the threshold changes

2 dB to 3 db per doubling of signal duration.

There are relatively few data on temporal integration

of the acoustic-reflex threshold in humans. The systematic

published works are by McRobert, Bryan, and Tempest (1968)

and Djupesland and Zwislocki (1971) . In both instances data

are plotted in terms of acoustic-power growth as signal dura-

tion decreased while maintaining acoustic-reflex threshold.

Their slopes, reported in power to maintain reflex threshold

per average decade change in signal duration, are in the

range reported by Simmons (1963) . The slopes range from 14

dB/decade for 300 Hz, to 21dB/decade for 2500 Hz (McRobert

et al . , 1968), and to 25 dB/decade for 1000 Hz (Djupesland

and Zwislocki, 1971) . Although there are no reports of a

systematic frequency effect (McRobert et al . , 1968; Simmons,

1963) , the middle frequencies apparently have steeper slopes.

Figure 6 represents the effects of temporal integration

upon the threshold of the acoustic reflex in six normal hear-

ing subjects by Djupesland and Zwislocki (1971) . The median

of the individual threshold means demonstrates a regular

decrease of 5 dB to 7 dB per halving of duration, or a slope

of about 25 dB/decade. The time constant is seen to be, for

the most part, about 20 0 msec. One subject appears to begin

integration at 100 msec with no obvious change in slope, as

seen by the dashed line connecting the lowest mean ART data.

McRobert et al. (1968) also present slopes which break

linearity between 100 msec and 200 msec.
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Figure 6. Temporal summation of the acoustic reflex.
The solid line intersects the median of six individual mean
scores resulting in a slope of 25 dB/decade of signal dura-
tion change. The dashed line indicates a similar slope but
a shorter time constant. (Redrawn from Djupesland and
Zwislocki, 1971.)
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No explanation appears to be offered for the steeper

slope of the acoustic reflex, but the temporal summation ef-

fect is there without question as illustrated in Figure 7. The

range of values reported by Olsen, Rose, and Noffsinger (1973)

for temporal integration at threshold of audibility are con-

trasted with the data by Djupesland and Zwislocki (1971) for

temporal integration at threshold of the acoustic reflex.

These are both at 1000 Hz in normal ears and have been normal-

ized to 200 msec so that the slope has a common reference be-

tween the two sets of data. The slope for the acoustic-reflex

threshold at 25 dB/decade is about three times as large as

the median slope of 8 dB/decade at threshold of audibility.

Other authors have reported effects of short stimulus dura-

tions upon the acoustic reflex, but their results are not

reported systematically as temporal integration, nor in a form

easily converted to the values presented in Figures 6 and 7

(Johansson, Kylin, and Langfly, 1967; Lilly, 1964; Moller,

1962b; Weiss, Mundie, Cashin, and Shinabarger, 1962)

.

There have been no published reports dealing with the

effects of temporal summation of the acoustic-reflex thres-

hold in hearing-impaired ears, but there are indications of

disturbed spatial summation. Beedle (1970) and Beedle and

Harford (1971) have reported finding an effect of stimulus

intensity upon the growth to the acoustic reflex. The slope

of the reflex growth is much steeper and more rapid for nor-

mal ears than for either ear of an unilateral Meniere's group.

Niemeyer and Sesterhenn (1972) have noted the occurrence of



50

• Acoustic Reflex
Threshold— Median for Acoustic
Reflex Threshold

o

—' 1 1 L_

10 20 100 200

SIGNAL DURATION IN MSEC

.... Fl9ure 7. Temporal integration at threshold of audi-
mC

lity *nd °f
the acoustic reflex for normal-hearing subjectsThe median slope of the acoustic reflex is about three timesthe change in the median slope of audibility. (Based onDjupesland and Zwislocki, 1971, and Olsen et al., 1973 )



51

a difference in reflex eliciting intensity levels for pure

tones versus white noise. The intensity level difference

between the two types of stimuli is much larger in normals

than the range in cochlear—impaired ears.

Norris, Stelmachowicz , and Taylor (1972) have reported

the most significant difference in the acoustic—reflex action

between normal and pathological cochleas. They measured the

difference in levels necessary to obtain the acoustic-reflex

threshold. The stimulus is pulsed at 2.5 pulses per second,

a 50 percent duty cycle with a 200-msec signal duration.

The resulting modulation of the reflex in response to the

pulsed tone is greater and more regular in normal ears than

in sensorineural hearing losses. This may reflect an in-

creased latency of acoustic—reflex response in cochlear—

impaired ears (Johansson et al . , 1967; Simmons, 1963) or a

distorted spatial summation involving rate of reflex growth

with increased stimulus level (Simmons, 1963).

If effects due to disturbed spatial summation are present

in the acoustic reflex as a result of cochlear pathologies, it

is reasonable to assume that end-organ lesions can also

disturb temporal summation. Cochlear lesions can and do

disturb temporal integration at threshold of audibility, that

is, by flattening the slope of temporal integration and/or

shortening the critical duration. Intuitively, then, tem-

poral integration of the acoustic reflex may also be affected

by cochlear lesions, for example, a flattened slope and/or

a shortened critical duration.



52

In summary, temporal summation is a neural event origi-

nating at the cochlea and is essentially complete before the

level of the superior olivary complex (SOC) , where the

acoustic reflex is activated. Growth in neural activity in

the SOC parallels the growth in loudness up to 60 dB SPL.

This neural activity decays in an exponential manner, thereby

appearing to trade energy units linearly for about 200 msec.

It is suggested that during acoustic stimulation, neural activ-

ity in the reflex center exceeds a certain level and causes

a contraction of the intra-aural muscles. Furthermore, the

mechanism suggested as controlling and/or affecting temporal

summation of threshold and loudness is the filtering charac-

teristics of the ear. Lesions in the cochlea can modify the

transmission characteristics through the auditory system in

such a way that the acoustic reflex and temporal integration

are changed in a predictable manner.

The foregoing studies indicate two important clinical

premises: (1) it is not necessary to compare the acoustic

-

reflex threshold with the threshold of audibility to obtain

diagnostic information about the state of the cochlea, and

(2) there are factors affecting the acoustic reflex which may

differentiate normal ears from those with end-organ lesions.

Hypothesis

The major hypothesis, formulated for testing in this

study, is based on information concerning temporal summation

of the acoustic reflex: the acoustic reflex changes in a



53

systematic fashion in the normal ear as a function of stimu-

lus duration, i.e., a tenfold change in time can cause a

median change of 25 dB of acoustic power. The null hypo-

thesis is: temporal summation of the acoustic reflex does

not function differently in those subjects who have normal

hearing and in those subjects who have a known end-organ

auditory lesion .

The questions that this study attempted to investigate

are:

1. What is the most sensitive measure of the acoustic-re-

flex threshold when using increments of 2 dB : the first

response, the first level to occur 60 percent of the

time, a measure of central tendency of either 5 or 10

trials, or the lowest response of 10 trials?

2. What is the group average and range of acoustic-reflex

thresholds for a normal-hearing population as a function

of temporal integration?

3. What is the group average and range of acoustic-reflex

thresholds for an unilaterally cochlear impaired popula-

tion as a function of temporal integration?

4. Is there a significant difference in temporal integra-

tion of the acoustic reflex between normal hearing ears

and cochlear impaired ears?

5. Is there a significant difference in temporal integration

of the acoustic reflex between the ears of normal-hearing

subjects and the normal-hearing ears of unilaterally

cochlear impaired subjects?
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Is there a significant difference in temporal integra-

tion between the normal-hearing ear and the cochlear-

impaired ear of a Meniere's group?

If cochlear-impaired ears demonstrate reduced integra-

tion at threshold of audibility, do they also demonstrate

reduced temporal integration at the threshold of the

acoustic reflex?



CHAPTER III

METHODS AND PROCEDURES

Temporal summation at both threshold of audibility and

threshold of the acoustic reflex were measured by the follow-

ing experimental design. First, a baseline of temporal

integration at threshold of audibility was obtained in order

to compare the results in this study to previously reported

data on normal-hearing and cochlear—impaired subjects. This

information delineated normal integration from reduced inte-

gration of cochlear-impaired ears. Second, the results of

temporal summation of the acoustic reflex determined whether

the null hypothesis should be rejected; that is, temporal

summation of the acoustic reflex does not function differ-

ently in those subjects who have normal hearing and in those

subjects who have a known end-organ auditory lesion. The

results of this second auditory procedure were obtained with-

out the subject's overt cooperation.

Ten cooperative adult subjects were tested. One-half

of the group had normal hearing and were the control subjects.

The other half of the group evidenced unilateral end-organ

hearing impairments and served as the experimental subjects.

These two groups were classified homogeneously and screened

for possible problems that might interfere with normal

acoustic-reflex function.

55
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The subjects had a negative history of middle-ear or

inner-ear surgery and of concussion, brain damage, or

cerebral vascular accidents. Those subjects using drugs or

medication, possibly influencing normal intra-aural muscle

function, were excluded. The medical history form employed i

shown in Appendix A. None of the subjects had conductive

hearing problems. Normal compliance at the tympanic membrane

and normal tympanograms confirmed the absence of a functional

middle-ear problem.

Data from the five control subjects were collected for

each ear. These five subjects demonstrated pure-tone audio-

metric measures no worse than 20 dB HL (ANSI-1969) in either

ear for frequencies 125 Hz through 4000 Hz. The normal-hear-

ing group ranged from 23 years to 30 years of age.

Only those persons having a classical, unilateral

Meniere's disease, a pure end-organ disorder, with normal

hearing in the contralateral ear, were included in the experi-

mental group. The Meniere's disease was medically diagnosed.

The patients had, in the course of their medical history, the

classical symptoms of episodes of true vertigo, fluctuating

hearing loss, "roaring" tinnitus, and feeling of fullness in

the affected ear. These symptoms were supported by the

following objective findings: a sensorineural hearing loss,

loudness recruitment and vestibular canal paresis. This

group will be referred to as the Meniere's group or the

cochlear-impaired group. The Meniere's group ranged from 45

years to 63 years of age.
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Since one of the characteristic symptoms of Meniere's

disease is fluctuating hearing in the impaired ear, there

were no minimum requirements of hearing level to qualify the

impaired ear as abnormal. The contralateral ear of each

experimental subject yielded pure-tone thresholds of 20 dB or

less (ANSI-1969) at a minimum of two out of the three test

frequencies. This qualified the contralateral ear as having

normal hearing. To facilitate discussion, ears with normal

hearing were referred to as "good," those ears afflicted with

Meniere's disease were denoted as "bad." This classification

of ears was subsequently used throughout this report.

Thus, there was a total of 15 good ears and 5 bad ears

in 10 subjects. Subject LS of the Meniere's group did not

have normal hearing in her good ear at 500 Hz. Nevertheless,

this particular ear is classified as good because she did

have normal hearing at two of the three test frequencies. The

audiograms of all subjects are contained in Appendix B.

Stimuli

The test stimuli were shaped sinusoids ranging from

500 msec to 10 msec in overall duration with 5-msec rise and

decay times. These signals were gated once every 1200 msec.

The stimuli used in this study are listed in Table 4. The

choice of stimuli was determined by previous temporal-inte-

gration data, ease and expediency of equipment manipulation,

and maximum utilization of the good and bad ears of the

Meniere 1 s group

.
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Table 4. Test Stimuli Used to Elicit Threshold of Audi-
bility and Threshold of the Acoustic Reflex

Test frequency: 500 Hz, 1000 Hz, 2000 Hz

Signal durations: 500 msec, 200 msec, 100 msec, 20 msec,
10 msec

Rise/fall times: 5 msec

Inter-stimulus interval: 700 msec, 1000 msec, 1100 msec,
1180 msec, 1190 msec

Repetition rate: once every 1200 msec

More specifically, the shaped signals consisted of three

sinusoids at 500 Hz, 1000 Hz, and 2000 Hz. These test fre-

quencies were chosen because most of the Meniere's group had

normal hearing in the good ear and poorer hearing in the bad

ear at these frequencies.

Five signal durations were used: 500 msec, 200 msec,

100 msec, 20 msec, and 10 msec. The duration was measured

from the gate onset of a stimulus to the cessation of the

stimulus envelope. Five hundred milliseconds represented,

for practical purposes, an infinitely long signal. The re-

maining four durations represented two tenfold, or decade,

changes in time, i.e., 10 msec to 100 msec and 20 msec to

200 msec. These values also included the usually designated

limits of linear temporal integration from the long signal

duration of 200 msec to the short tone pulse of 10 msec.

The repetition rate of the stimulus was held constant by

gating once every 1200 msec. Neural independence was main-

tained, because the shortest inter-stimulus interval of the
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test series was 700 msec. Preliminary investigation also

indicated that this rate would allow for the muscle contrac-

tion to return to the pre-contraction baseline before re-

sponding to the next signal burst. Figure 8 illustrates a

tracing of an oscilloscope recording of the acoustic reflex

evoked by a 500-msec signal at 5 dB above the ART. The

muscle activity returned to the pre-contraction baseling

within the 700-msec inter-pulse interval. It should also be

noted that this recording was made towards the end of an

hour and one-half test session, and middle-ear muscle fatigue

was not observed.

The rise and decay times of the stimulus envelope, as

controlled by a pre-set electronic switch, were approximately

5 msec. The 5-msec ramp was verified on an oscilloscope by

determining the duration between the upper 90 percent and

lower 10 percent of the slope.

Figure 9 delineates the spectral characteristics of two

1000-Hz tone burst stimuli measured at the earphone output.

The bandwidth of the 10-msec duration tone pulse is about

120 Hz wide in Figure 9a. This is about 20 Hz wider than

might be expected theoretically, indicating some incidental

spread of energy. When the tone burst is lengthened to 20-

msec duration in Figure 9b, the spectral energy fits nicely

into the theoretical bandwidth of 50 Hz, ./ •.. The spectrum

of these tone bursts suggests that no audible spread of energy

should be detected; this is supported by the smooth envelope
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Repetition rate
1 stim./1200 msec

Acoustic Muscle
reflex relaxation

Figure 8. Acoustic-reflex contraction. The intra-
aural muscles can contract, relax, and return to the pre-
contraction baseline before contracting again. The
repetition rate is once every 1200 msec for a 500-msec tone
burst at 5 dB above the ART.
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Figure 9. Spectral content of tone bursts with 5-msec
rxse/decay ramp. (a) 1000 Hz, 10-msec impulse with half-
power width of ca. 120 Hz; (b) 1000 Hz, 20-msec impulse with
half-power width of ca. 50 Hz.
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of a 20-msec ton 3 burst in Figure 10. In order to confirm

this, an audible check was made at the earphone. No clicks

were discerned from a 10-msec tone burst at 500 Hz placed

just below threshold audibility. It was concluded, therefore,

that a 10-msec tone pulse with a rise and fall time of 5

msec would produce a relatively undistorted signal in this

test situation, using high intensity levels.

Experimental Equipment

The block diagram in Figure 11 represents the equipment

used to generate the stimulus envelope and to record the

subject's response. A General Radio 1313A oscillator gener-

ated the test frequency which was monitored by a Monsanto

Model 100-A electronic counter. The sinusoid passed through

the Grason Stadler 3262A recording attenuator to the Grason

Stadler 829E electronic switch that shaped the signal; then

the signal was step attenuated by an Hewlett Packard 350D

attenuator. By way of switches I, II, and II, the signal was

led through either a Mcintosh 162K power amplifier or through

a matching transformer to the earphone, a TDH-14 0 dynamic

earphone in a MX41/AR cushion. The signal from switch II was

measured on a Ballatine 321 true rms vacuum tube voltmeter

and on channel one of a Tektronix 564 oscilloscope. The

same "clock" triggered both the electronic switch and the

oscilloscope

.

Three response switches were under subject control.

Response switch I controlled the recording attenuator.
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Figure 10. A 20-msec signal burst with a smooth 5-msec
rise and decay.
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Response switch II .interrupted the signal presentation at the

electronic switch, while response switch III activated a buz-

zer audible to the sxperimenter . The reflex was measured from

the contralateral external ear canal which was sealed with an

ear olive. The reflected probe tone passed to the Peters

AP61 electroacoustic impedance bridge. The output of the

bridge was led through a direct current voltage divider"'" and,

finally, to channel two of the oscilloscope.

To measure threshold of audibility, switches I and II were

closed so that the signal passed from the step attenuator

through the matching transformer to the earphone. Switch III

allowed the signal to be monitored at the oscilloscope and volt

meter without being audible to the subject. The recording at-

tenuator was activated by subject response switch I. Thus, a

permanent record of the subject's response was made with a

self-tracking Bekesy technique.

The same basic equipment was utilized to measure the

acoustic-reflex threshold. The recording attenuator was

turned off. The test signal was diverted through the Mcintosh

power amplifier to the earphone by using the same switches.

The eliciting signal was stored on the oscilloscope of

channel one, while the acoustic reflex was stored on Channel

two. A photographic record of both oscilloscope channels was

made using a Rolleiflex SL 3 5 camera with a 50-mm lens.

Calibration was performed at both the output of the

earphone in SPL and across the earphone in volts. Calibration

1
The d.c. voltage divider was placed in the system to in-

crease the sensitivity of the signal. See Appendix C for the
schematic diagram.
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was made in SPL at the beginning and conclusion of the experi

ment. The step attenuator and the recording attenuator were

checked for linearity in SPL. A NBS type 9A coupler with a

6-cc cavity attached to v Bruel and Kjaer 2203 sound level

meter with a one-inch microphone were used to measure SPL

(re 0.0002 dyne/cm ). Frequency response of the earphone was

also measured in SPL. Voltage checks were made before and

after each change in test frequency. A General Radio 1900-A

wave analyzer and a General Radio 1521-B graphic level re-

corder were used to measure the spectral characteristics of

the test signals. These calibration data may be found in

Appendix D.

The Peters electroacoustic bridge was calibrated accord-

ing to the manufacturer's specifications. The probe tone

zeroed the balance meter when the input to the bridge network

was 94 dB SPL and the probe frequency was 27 6 Hz. Using

four different cavity volumes the compliance dial was cali-

brated at 0.2 cc, 1.0 cc, 2.0 cc, and 4.0 cc so that the

balance meter read zero. Finally, the input filter was tuned

to 276 Hz, thereby being most sensitive to the probe-tone

frequency.

Two different earphones were used in this study due to

a malfunction of the TDH-140, 10-ohm phone. A TDH-30, 10-ohm

phone elicited data on four normal-hearing subjects for their

threshold of audibility and on two normal- hearing subjects

for their acoustic-reflex threshold. Since both phones were
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calibrated on the same equipment and in a similar manner,

the data reflect the respective calibration curves. In other

words, the data will be reported as if one earphone were used.

Procedure

The experimental testing was conducted in three sessions

for each individual. The temporal integration at threshold

of audibility was measured for both ears during the first test

session, while temporal integration at threshold of the

acoustic reflex was measured in subsequent sessions for each

of the two ears. The three stimulus frequencies were ran-

domized for each ear, and the signal durations were presented

in random order for each test frequency. All auditory measures

were made in a single-walled IAC sound treated chamber.

Temporal Integration at Threshold of Audibility

The subject responses were recorded by using a self-

tracking, Bekesy procedure. The recording attenuator was set

at a chart speed of three-fourths of an inch per minute and

1 dB of attenuation every second. The visual mean of a

minimum of 10 threshold crossings was used to establish

threshold. This mean value was located at the nearest whole

dB, and, if the threshold crossings were not stable, the last

10 stable crossings were used to establish the mean threshold

value. The total test time for both ears, including a 15- to

30-minute rest period midway, was two to two and one-half

hours. Since signal crossover to the good ear was not observed
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nor reported by the subjects in the preliminary or experi-

mental sessions, a masking noise was not applied to the good

ear of the Meniere's group.

Temporal Integration at the Thres -

hold of the Acoustic Reflex

Testing of the acoustic reflex commenced once the exter-

nal meatus of the reflex measurement ear was sealed with an

ear olive containing the electroacoustic bridge probe tip.

The seal was considered adequate if a positive 200 mm of

equivalent water pressure in the external auditory canal did

not break the seal. The electroacoustic bridge was periodi-

cally checked to determine if the balance dial was within

± 25 mm of equivalent water pressure of zero. If the balance

meter was out of the target range it was rebalanced by adjust-

ing the compliance dial. In order to maintain this criterion,

the sensitivity dial was kept on position one.
2

If the

pressure dial was outside the target range, the subject was

asked to perform a Valsalva or Toynbee maneuver to increase

or decrease, respectively, the middle-ear pressure.

A modified method of limits was employed to determine

the acoustic-reflex threshold. Ten ascending ART trials were

2Although it is suggested that the higher sensitivity
dial settings be used while determining the acoustic reflex,
i.e., two or three on the Peters electroacoustic bridge and
three or four on the Madsen electroacoustic bridge, prelimi-
nary observations suggested an ART difference of no more than
2 dB between sensitivity position one and position three. The
use of sensitivity position one reduced the amount of rebalanc-
ing necessary throughout the test procedure. If more sensi-
tivity was desired, the vertical multiplier dial or the oscil-
loscope was changed.
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made for each signal duration at each frequency in order to

obtain a stable threshold value. The experimenter started

below the acoustic-reflex threshold and increased the

stimulus level in 2-dB steps until a minimum reflex was

detected. At this point, if the response was a definite

change from the ongoing pattern, the stimulus level was re-

corded as the ART . The experimenter started the sequence

over again by lowering the intensity 10 dB. If the response

was in doubt, then another response was evoked at the same

signal level or at the next 2-dB higher intensity increment.

If the reflex response was definite at the second response

or the 2-dB higher response, the initially observed sound

pressure level of the reflex was recorded as the ART. Figure

12 illustrates a tracing of a typical acoustic-reflex thres-

old response. In this instance, a 2-dB intensity increase

caused a definite change from the previously recorded pattern.

The tenth ascending threshold response was stored on

channel two of the oscilloscope. The eliciting signal was

increased 5 dB above the reflex threshold and superimposed

upon the ART on channel two of the oscilloscope. The two

superimposed acoustic reflex images on channel two were then

photographed to retain a permanent record.

During the acoustic-reflex testing procedure, subjects

were requested to glance quietly through some pictorial

magazines in an attempt to equate subject state of alertness

and focus of attention. Subject state and attention have
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90 92 94 96 96 98 98

Channel 1:

Stimuli of
500-msec
duration

Channel 2:

Acoustic
reflex at
threshold

Figure 12. Typical response of the acoustic reflex
at threshold. Channel 1 illustrates the 500-msec duration
tone burst increasing in 2-dB steps. Channel 2 demonstrates
the response at 96 dB SPL to be significantly different
from the ongoing activity.
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been reported to affect the acoustic reflex (Durrant and

Shallop, 1969; Gunn, 1967). As long as the subject's atten-

tion is generally diffuse and not under intense concentra-

tion, e.g., distinguishing visual word choices or auditory

intelligibility, the variability is probably slight (Durrant

and Shallop, 1969)

.

Experimental Safeguards

In performing temporal integration at the threshold of

the acoustic reflex, sound pressure levels normally asso-

ciated with thresholds of discomfort, tickle and pain, and

temporary and permanent threshold shifts were required. It

was necessary to safeguard the subjects against any harm or

unnecessary discomfort. Possible response artifacts result-

ing from high intensity signals were also investigated.

It was conceivable that all subjects might be subjected

to stimulus levels in excess of 130 dB SPL, as seen in Table

5. This table demonstrates a possible intensity level neces-

sary to elicit a reflex by a 10-msec tone burst at 500 Hz.

For this hypothetical person, the maximum earphone output

would be 136.5 dB SPL.

The Committee on Hearing, Bioacoustics and Biomechanics

of the National Academy of Sciences has published upper limits

of acceptable exposure to impulse noise as a function of

sould pressure level and signal duration as seen in Figure 13

(Ward, 1968) . The solid line represents the upper acceptable

limit of exposure for probably 95 percent of the population
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Figure 13. Upper limits of acceptable exposure to impulse
noise for 95 percent of the population to 10,000 impulses.
(Redrawn from Ward, 1968.)
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Table 5. Conceivable Sound Pressure Level Necessary to
Elicit the Acoustic-Reflex Threshold by a 500-Hz
Burst at a Signal Duration of 10 Msec

Normal threshold at zero hearing level
(ANSI-1969) in dB SPL 11.5 dB

The ART at the upper limit of normal
sensation level 100.0 dB

Power increase necessary to maintain thres-
hold when a tone burst is shortened to
10 msec 25.0 dB

Total SPL 13 6 .5 dB

to 10,000 pulses in some period of time, i.e., one hour to

one day. This limit applies to impulses with a known single

rise-peak decay, not a complex impulse. The Committee

stated that, although there are many unknowns, their data for

upper limits of exposure constituted a conservative estimate.

Only the "weakest ears" of the unaccounted 5 percent might

demonstrate a temporary threshold shift because the acoustic

reflex would afford some protection in some subjects. The

horizontal dashed line in Figure 12 indicates the maximum

output of the earphone within this experimental system at

139 dB SPL and the vertical hatched lines indicate the approxi-

mate durations used in this study. As may be seen in Figure

12, the maximum output of the earphone falls below the maxi-

mum acceptable exposure limits.

To minimize possible discomfort from loud acoustic

impulses, the subjects were allowed some control over the

test situation. If the subjects felt that the stimulus pulse
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was uncomfortable, they were instructed to press a button

(see response switch III in Figure 9) , which activated a

tone audible only to the experimenter. The experimenter then

reduced the stimulus 10 dB. This situation only occurred

once because of experimenter error. A second control button

(see response switch II in Figure 9) allowed the subject to

discontinue the stimulus presentation at will. This second

button was never employed by the subjects.

Dealing with these high signal levels for long periods

of time was bound to introduce some auditory adaptation or

fatigue. The stimulus presentation rate of once every 1200

msec and a duty cycle of less than 50 percent was used as an

arbitrary compromise between long, fatiguing test sessions

and slow signal presentation rates in an attempt to minimize

neural changes. In addition, at the end of each test run

(10 thresholds per signal duration) , the test signal was

turned off in order to allow a two- to five-minute rest inter-

val. During this interval, the signal duration or frequency

was changed and voltage levels checked for calibration.

Opinions of the subjects indicated that sessions of one and

one-half hours approached the maximum tolerable limit. This

was the time necessary to test the acoustic reflex of one ear.

The possibility that the test signal would have crossed

over to the opposite ear, the recording ear, was considered.

If this had occurred, the data would have been contaminated

in two ways. First, the reflex eliciting tone might have
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crossed over and combined with the probe tone, causing a

reflex on the measuring side. This was unlikely, since a

minimum of 4 0-dB to 50-dB difference in hearing level is

normally necessary for crossover. The effective signal level

reaching the probe ear side would have been 40 dB to 50 dB

less than necessary to evoke the reflex. Since doubling the

signal pressure increases the SPL only 6 dB, the increase in

probe-tone pressure would have been a maximum of 6 dB and

probably only 2 dB to 4 dB. This would not have raised the

probe-tone intensity level enough to cause an acoustic reflex.

Second, the reflex- e 1 icitng signal that crosses over may

have registered on the pickup microphone of the electroacoustic

bridging network. This network has a filter centered at

276 Hz, and it is at least 20 dB down at 500 Hz. Thus, the

filter should reduce by at least 20 dB any energy crossover

at 500 Hz and possibly even at 1000 Hz and 2000 Hz.

In conclusion, all reasonable safeguards for subject

well-being and integrity of the acoustic reflex data were

taken into account without compromising the experimental

protocol. The subjects' responses, especially from those

exhibiting loudness recruitment, indicated that the subject

safeguards were not actually needed.



CHAPTER IV

RESULTS AND DISCUSSION

The results of this study indicate that temporal summa-

tion of the acoustic-reflex does not function differently in

those subjects who have normal hearing and in those subjects

who have a known end-organ auditory lesion. A statistical

analysis of the data did not support a consistent, significant

difference between normal-hearing (good) ears and cochlear-

impaired (bad) ears, using the acoustic-reflex threshold

(ART)
. However, there were statistically significant differ-

ences between responses of the two groups at threshold of audi-

bility. An analysis of these data follows in a comparison of

normal-hearing and hearing-impaired ears at 1) temporal inte -

gration at the acoustic-reflex threshold , 2) temporal integra -

tion at the threshold of audibility , and 3) temporal integra-

tion at the acoustic-reflex compared to temporal integration

at threshold of audibility .

1) Temporal Integration at
the Acoustic-Reflex Threshold

A discriminant analysis 2
(Rao, 1952) was performed on the

ART difference between a 10-msec and a 200-msec duration tone

burst and between a 20-msec and a 200-msec duration tone

The raw data are reported in Appendix E.

2Further information concerning discriminant analysisis contained m Appendix F.

76
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burst at each test frequency. In Figure 14, for example,

the mean change for the cochlear-good ear at 500 Hz from

10 msec to 200 msec is 29 dB while the mean change at the

same parameters for the cochlear-bad ears is 22 dB. The

20-msec to 200-msec difference was also chosen for discrimi-

nant analysis because the change was large enough to yield

mean differences among groups (see Figure 14) and because

some subjects did not yield an acoustic reflex at 10 msec

with the maximum acoustic power of 139 dB SPL. All thresh-

old differences and the data in some figures were subtracted

from, or normalized to, 200 msec. Two-hundred milliseconds

was most often stated as the time constant of temporal inte-

gration, and there was little difference between the ART

elicited by a 500-msec and by a 2 00-msec duration tone. The

mean change of ART between the two durations was 2 dB to

3 dB, depending on frequency and subject group. The figures

were normalized to the signal duration which delineated the

results most clearly.

The results of discriminant analysis are reported as

an "P" ratio. Table 6 gives the statistical results of the

discriminant analysis upon the ART. Two comparisons out of

12 between good and bad ears were statistically significant,

both at 500 Hz and both at the ART difference between 20

msec and 200 msec. Ten of the 12 good-bad ear comparisons

were not significantly different.

The mean ART values of the cochlear-impaired ear, as

demonstrated in Figure 14, were always less than those of the
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good ear of the cochlear-impaired group and the normal-

hearing group. However, neither the mean values, nor the

average slope per decade of stimulus time, were significantly

different among the three groups (Table 7 ) .

Table 6. Discriminant Analysis of the Acoustic-Reflex
Threshold

500 Hz 1000 Hz 2000 Hz

Normal vs. cochlear-good ears

10 msec-200 msec ns ns ns

20 msec-200 msec ns ns ns

Normal vs. cochlear-bad ears

10 msec-200 msec ns ns ns

20 msec-200 msec .05 ns ns

Cochlear-good vs. cochlear-bad
ears

10 msec-200 msec ns ns ns

20 msec-200 msec .10 ns ns

ns = not significant.
.05 = significant at the 5

.10 = significant at the 10
percent
percent

level

.

level

.

Table 7 . Average Slope Change Per Decade of Time of the
Acoustic-Reflex Threshold

500 Hz 1000 Hz 2000 Hz

Cochlear-good ears

Normal ears

Cochlear-bad ears

23 dB

17 dB

15 dB

22 dB

19 dB

14 dB

25 dB

19 dB

14 dB
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Although the group means were not statistically differ-

ent, the data from Figure 14 indicate two consistent find-

ings. First, the cochlear-impaired (bad) group always had

less mean ART change than the other two. The cochlear-good,

for the most part, had the greatest amount of ART change.

The difference between the cochlear-bad and normal ears at

20 msec increased from between 4 dB and 7 dB to 12 dB for

500 Hz, 1000 Hz, and 2000 Hz, respectively. There were no

other large systematic changes in this respect. Second,

the change from 20 msec to 100 msec (or to 200 msec) became

less as frequency increased for the cochlear-bad ears. This

decrease in mean slope caused the former results of increased

ART difference between normal and cochlear-bad groups.

Figure 15 illustrates the large inter-subject variation

of temporal integration slopes for the normal ears and the

cochlear-bad ears. Similar configurations also appear in

Figure 16, contrasting cochlear-good ears and cochlear-

bad ears. In both figures, the slope of individual sub-

jects varies over a wide range within a group, so that the

normal and cochlear-impaired groups overlap. The large inter-

subject variability is probably the reason why the mean

values were not statistically different from one another.

Figure 17 contrasts the inter-subject range among

the three groups. This graph also depicts the large amount

of overlap among the three groups, which hampered

statistical significance. The least amount of overlap

occurred at the test frequency of 500 Hz and
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would account for the statistically significant findings at

500 Hz. Using discriminant analysis, the more distinct the

groups the less chance of error in classification (Rao, 1952)

.

It is notable that the point of greatest significant differ-

ence (p< .05 at 500 Hz for normal vs. cochlear-bad) yields the

smallest difference between mean values (Figure 14)

.

Figure 18 compares the temporal integration slope of

the acoustic reflex of normal-hearing persons in three

studies. The individual mean scores from this study and

Djupesland and Zwislocki (1971) are plotted as well as the

median values. The group mean values from McRobert et al.

(1968) are also included. The average change in slope per

decade in time at 1000 Hz for this study is 6 dB less than

the 21 dB/decade from Djupesland and Zwislocki, as well as

2 dB less than the 25 dB/decade from McRobert et al. In

addition, it appears that the individual mean values for this

study were more scattered than those of Djupesland and

Zwislocki (1971) , especially at the 10-msec signal duration.

This large scatter of individual scores may be repre-

sentative of the true population, since no more than nine

normal-hearing subjects were employed in any one study.

These differences may also be a result of the type of

equipment employed, since the two lower values of 19 dB and

21 dB/decade were obtained with a Peters electroacoustic

bridge and a Madsen electroacoustic bridge, respectively.

The steeper slope of 25 dB/decade was obtained with a
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Zwislocki mechanical impedance bridge. There have been

reports indicating that the electroacoustic and mechanical

impedance bridges can vary as much as 35 percent in their

impedance values, depending upon the condition and size of

the tympanic membrane (Lilly, 1970; Wilber, Goodhill, and

Hogue, 1970)

.

The statistical observations concerning the null

hypothesis of the ART were limited because of unexpected

inter-subject variability causing the sample size of five

normal and five cochlear subjects to be ineffectual statis-

tically. However, descriptive observations can be made,

although these observations may be due to chance.

The time constant of temporal integration of the ART,

that point in time where integration begins, 3
is shorter

than the 2 00 msec reported for threshold audibility. A

shortened time constant has been reported previously by

Small et al. (1962) for temporal integration at supra-

threshold levels. As illustrated in Figure 19, the ART time

constant is most often between the signal durations of

100 msec and 20 msec, or the 100 msec-20 msec interval.

Further inspection of Figure 19 suggests that the time

The time constant was defined in this experiment as
1/e of the maximum threshold change. In practicality, 1/e
was 1/2.718, or 32 percent, of the mean integration slope
per decade of stimulus time in normal ears, or 6 dB. The
first 6 dB of threshold change from 500 msec, therefore, wasnot considered part of temporal integration. The point at
which 7 dB, or more, of threshold change occurred due to
change in signal duration marked the length of the time
constant.
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constant of the two good-ear groups is never shorter than

a duration of 20 msec. Interestingly, the opposite observa-

tion may be made with the cochlear-impaired group. There

were no long time constants in the 500 msec-200 msec inter-

val, but 25 percent of the cochlear-impaired ears, across

all frequencies, demonstrated integration functions that

were in the 20 msec-10 msec interval. That is, temporal

integration for these 4 out of 16 ears may be abnormally

shortened due to the cochlear impairment. This can be most

effectively seen in Figure 20, where three of the cochlear-

impaired ears with a short time constant are compared with

the normal-hearing results at 1000 Hz and 2000Hz. A short-

ened time constant has been previously reported in cochlear-

impaired ears for temporal integration at threshold of

audibility (Figure 5)

.

Inspection of Figures 15 and 16 demonstrates that an

average slope value per decade is not necessarily the best

descriptor of temporal integration. The change is not

linear, especially in the cochlear-impaired group. The

cochlear-bad ears at 500 Hz integrate slowly, with a flatter

slope, until 20 msec when the rate of change becomes greater.

For example, four out of five cochlear-bad ears at 500 Hz

change at an average rate per time decade of 8 dB to 2 0 msec,

and then abruptly change to an approximate slope of 50 dB

to 55 dB per time decade. This change is only distinctive

between good and bad ears at 500 Hz. This difference



Figure 20. The delayed time constant in some cochlear-
impaired ears contrasted with the normal time constant of
temporal integration at the acoustic-reflex threshold.
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probably contributed to the only two rejections of the null

hypothesis which occurred (Table 7)

.

This abrupt change in slope occurred in the 2 0 msec-

10 msec interval, the same interval in which the short time

constant of cochlear-imparied ears fell in Figure 20. Since

the definition of the time constant was relatively arbitrary,

the slow-abrupt change in slope and the short time constant

may reflect the same phenomena in the cochlear-imparied ear.

From the discriminant-analysis data one is able to

identify those subjects consistently classified correctly,

although no statistical significance is attached. Two

§oehlear-impaired subjects, FH and BC, were never classified

as normal hearing, while EC was incorrectly classified in

only 2 out of 12 good-bad ear comparisons. Of the five

test subjects, the data from these three indicated that one

§h©uld be able to distinguish a cochlear-impaired ear based

or ggeystic-reflex data. The cochlear abnormality may

g§\i§e aberration in temporal integration of the ART as

ifliie^ted by an initial slow growth of the integration func-

ti©R @r by an unusually short time constant. One cochlear-

impai?§d subject is an appropriate example. LS was incor-

rectly classified 9 out of 12 times. Two of the correct

elgsgifieations were probably based on her very short time

@©n,a%a.nt, Her ART changed only 2 dB as the signal duration

W3§ §h@¥tened from 500 msec to 20 msec, then it changed

afe?\jptiy by 35 dB. She is represented in Figure 20 at 2000

Hs fey the white hearts.
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In addition, the acoustic reflex occurred at similar

levels reported in Tables 1, 2, and 3. In Figure 21, the

pure-tone thresholds are separated by 20 dB to 4 0 dB, but

the acoustic-reflex thresholds are overlapping. The

cochlear-good ear group is depressed somewhat at 500 Hz, but

this is because the sample size was three ears at that

parameter.

The ART was established as the mean value of 10 trials.

This may have been unnecessarily long since there was no

significant difference between the mean of the 10 and the

mean of the first 5 trials. The modified Hughson-Westlake

approach (Carhart and Jerger, 1959) would have been as use-

ful as the mean of 10 trials, but for the fact that no singl

value could be obtained 50 percent of the time in some

instances. Using 2-dB increments, the average range of

values obtained for threshold in any 10 trials was 4 dB to

6 dB. A range of 10 dB was rarely obtained. For the most

part, the shorter the test duration the more variable the

response became. A mean of 5 trials would seem to yield a

stable ART in half the time used in the present experiment.

2) Temporal Summation at
Threshold of Audibility ^

A discriminant analysis of temporal summation at thresh

old of audibility between normal-hearing ears and cochlear-

impaired ears indicated significant good-bad ear differences

4
The raw data are reported in Appendix G.
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10 out of 12 comparisons. The results are listed in Table 9.

There was no statistical difference between cochlear-good

ears and cochlear-bad ears at the 20 msec-200 msec comparison

in two out of three frequencies. Further, there was no

statistical difference between normal and cochlear good-ears

in all comparisons.

Table 8. Discriminant Analysis of the Threshold of
Audibility Data

500 Hz 1000 Hz 2000 Hz

Normal vs. cochlear-good ears

10 msec-200 msec ns ns ns

20 msec-200 msec ns ns ns

Normal vs. cochlear-bad ears

10 msec-200 msec .10 .05 .05

20 msec-200 msec .05 .05 .05

Cochlear-good vs. cochlear-
bad ears

10 msec-200 msec .05 .05 .05

20 msec-200 msec ns .10 ns

ns = significant.
.01 = significant at the 5 percent level.
.10 = significant at the 10 percent level.

As with the ART, there were no significant differences

among the mean values of the three groups, as presented in

Figure 22. Again, the values for the cochlear-impaired ears

lie below those for the normal-hearing ears. The range of

inter-subject thresholds was not as great as that found with
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Figure 22. Mean thresholds of audibility as a function
of temporal integration.
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the ART, and there was not as much overlap between the bad-

ear and good-ear groups. The inter-subject variability is

illustrated in Figure 23.

The data from temporal integration at threshold compared

favorably with those of previous investigators. In Figure

22, the mean normal-hearing integration slopes per decade of

stimulus time were 8 dB to 11 dB. The normal ears demonstrated

a frequency effect whereby the slope flattens as test fre-

quency increases. These slopes were 10 dB, 9 dB, and 8 dB

at 500 Hz, 1000 Hz, and 2000 Hz, respectively. No systematic

effect was seen for the cochlear-good ears, but the sample

size was smaller than that of the normal ears.

At each frequency in Figure 22, the mean slope for

cochlear-bad ears was flatter than, and below, either of the

normal-hearing groups. Since the mean slopes are between

6 dB and 7 dB for the cochlear-impaired ear, the distinc-

tion between normal-hearing and cochlear-impaired ears is

rather subtle. The lack of clear inter-group distinction in

Figure 23 further points to the problem of utilizing

individual results for diagnostic information. Only those

subjects with a slope of less than 5 dB/decade would have

been distinctly classified as cochlear-impaired. Olsen,

Rose, and Noff singer (1973), with a larger experimental popu-

lation, reported normal subjects with slopes as flat as 2 dB

to 3 dB. They concluded that the inter-group "... overlap

was sufficiently great that no characteristic pattern of

behavior defined any group."
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The time constant of temporal integration at threshold

of audibility in cochlear-impaired ears is said to be

shorter (Figure 5) . Table 9 lists the signal duration

5intervals within which the time constants occur. The re-

sults are reported in both the number of times and the per-

centage of times a time constant was within a certain inter-

val for each group. Even though the cochlear-impaired (bad)

ears had the highest percentage occurring in the 100 msec-

20 msec interval, there was not much difference between

normal and impaired ears. These results could not support

the statement that cochlear-impaired ears have shorter time

constants than normal ears.

Table 9 . Signal Duration Intervals Within Which Time
Constants of Temporal Integration at Threshold
of Audibility Occur

Signal Duration Interval in Msec

400-200 200-100 100-20 20-10
Total

Responses

Normal ears 4 (13%) 9 (30%) 17 (57%) 30 (100%)

Cochlear-good
ears 5 (36%) 5 (36%) 4 (28%) 14 (100%)

Cochlear-bad
ears 2 (13%) 3 (19%) 11 (68%) 16 (100%)

The time constant was calculated to be at or above the
first 3 dB of threshold change from 500 msec. The time con-
stant criterion is the same as the ART time constant (footnote
3) .
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3) Temporal Integration at the Acoustic-
Reflex Threshold Compared to Tempor al
Integration at Threshold of Audibility

There were no significant correlations occurring con-

sistently between the data on temporal integration at the

two thresholds, ART and audibility. There were no corre-

lations on direction or amount of change between the two

integration functions, nor were there on classification of

ears. This indicates that abnormal temporal integration at

threshold of audibility does not predict the results of

temporal integration at the ART. It must be remembered,

though, that the threshold criteria for the two thresholds

were not only different but also involved different persons.

The experimenter specified the ART and the subject determined

his own threshold of audibility. The difference in cri-

teria may be reflected in many different ways, e.g., a

different point on the intensity function for threshold,

i.e., 25 percent vs. 75 percent of correct responses.

Even though there were no significant comparisons

between the two thresholds, some observations can be made.

The mean temporal-integration slopes of the cochlear-impaired

ears fell below those of the normal-hearing groups with

both thresholds. The ART slopes yielded much larger mean

differences among groups, but also greater inter-subject

variability, than those at threshold of audibility. The

most obvious difference between the two types of thresholds

is the slope per decade of time. The slopes of the ART in

6The correlations are listed in Appendix H.
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Figure 14 are approximately twice those at threshold of

audibility of Figure 22. This gives ART measures the

possible advantage of a greater dynamic range to determine

differences between normal and abnormal ears. Unfortunately,

the large inter-subject variability and group overlap has

eroded this possible advantage.

The time constant of integration was essentially the

same between normal-hearing and cochlear-impaired ears at

threshold of audibility but it was definitely shorter for

cochlear-impaired ears at the ART. The cochlear-impaired

ears at the ART were the only ones to have a time constant

of 20 msec or less. This may be a result of the previously

mentioned larger dynamic range for temporal integration at

the ART. Nevertheless, the shorter time constant is one of

the most distinguishable differences between temporal inte-

gration at the ART and at the threshold of audibility.

r~e - It should be mentioned that only one person was

correctly classified for each parameter across all frequen-

cies-^ at: both thresholds. FH had a flattened slope, as well

as ar. short time constant of less than 2 0 msec.



CHAPTER V

CONCLUSIONS AND SUMMARY

A concluding comment should be made concerning the

nature of diagnostic tests, as viewed through these results.

If the ART did indeed prove to differ cochlear abnormalities

from normals, what can be considered abnormal? A specific

defect or aberration in auditory processing does not neces-

sarily reflect one specific and correlative anatomical lesion,

if, indeed, it is possible to obtain a homogeneously impaired

population. The experimental group is a good case in point,

because they were chosen as a homogeneous population with

classical Meniere's syndrome. Three subjects, EC, FH, and

BC, had Meniere's for less than 6 years. They also had

the most depressed slopes. The other two subjects, LS and

AC, had greater than normal slopes and had had their disease

symptoms for 16 to 35 years, respectively. LS, as well as

FH and BC, demonstrated a short time-constant for at least

one frequency, so, apparently, it does not matter how long

one has had the disease. In addition, these results are not

uniform from one frequency to the next for each subject,

even though the hearing losses were relatively flat.

It did not matter if a clinically significant hearing

loss was present, because BC had practically normal pure-tone

100
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acuity. This is not to say that temporal integration of

the acoustic-reflex threshold can detect incipient hearing

loss or minor cochlear impairment. Instead, it reflects

the complexity of auditory processing.

In conclusion, there v«ere some apparent, but subtle,

differences between the normal-hearing and hearing-impaired

groups in temporal integration at the ART

.

o The mean integration slopes of the cochlear-impaired group

were depressed.

o The time constant of integration was shorter than 2 0 msec

for some of the cochlear-impaired groups,

o If the time constant is not unusually short, the integra-

tion function changed gradually, then abrubtly after 20

msec in the cochlear-impaired ear.

o A cochlear-impaired ear can have both a flattened slope,

as well as a short time constant,

o One did not have to have a hearing loss in the cochlear-

impaired ear to demonstrate either a depressed slope or

a delayed time constant.

Since it has been stated that there are probably differ-

ences between normal-hearing and cochlear-impaired groups,

this type of study is open for further investigation. A

similar experiment would require more signal durations,

expecially below 100 msec. Other parameters can be expanded

upon, such as type of stimuli or measuring ipsilaterally

instead of contralaterally to the test ear. Temporal
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integration measures do not have to take place at threshold,

nor by changing the stimulus durations only. This type of

investigation should be pursued because the acoustic reflex

can reflect a cochlear abnormality without the subject's

cooperation.

In summary, five normal-hearing and five unilaterally

hearing-impaired persons were test subjects. Their results

determined the efficacy of temporal summation of the acoustic-

reflex threshold as a possible predictor of cochlear abnor-

malities. Temporal summation of the acoustic-reflex thresh-

old was obtained by maintaining a constant intra-aural muscle-

reflex strength as a function of increased acoustic power

while signal duration was decreased.

A measure of temporal integration was made at both

threshold of audibility and threshold of the acoustic reflex,

the first auditory measure was determined by the subject and

the second by the experimenter. Bekesy tracking was employed

to self-record threshold of audibility, while a modified

method of limits, using 10 ascending trials, determined the

acoustic-reflex threshold. The signal durations used were

500 msec, 200 msec, 100 msec, and 20 msec at the test fre-

quencies of 500 Hz, 1000 Hz, and 2000 Hz. As much as 139

dB sound pressure level was employed to maintain constant
'

energy at threshold. The reflex was monitored from an

oscilloscope connected to a Peters 61AP electroacoustic

bridge.
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Temporal summation of the acoustic reflex does not

function differently in those subjects who have normal

hearing and in those subjects who have a known end-organ

auditory lesion. However, there were statistically signifi-

cant differences found between the normal-hearing (good) ear

and the cochlear-impaired (bad) ear comparisons of the 20

msec-200 msec ART difference at 500 Hz. Small sample size,

and unexpected inter-subject variability and flatter inte-

gration slopes for normal ears, contributed to the lack of

statistical significance.

Temporal integration at threshold of audibility, in

contrast, did demonstrate statistical differences between

cochlear-impaired ears and normal-hearing ears. Even though

a statistical difference was evidenced, the difference was

not so obvious, in this experiment, as to be a clinically

useful tool. A comparison of temporal integration at thresh-

old of audibility and at the ART demonstrated that a short

time constant for the ART may be of diagnostic value in

determining cochlear impairment. However, the question of

whether temporal summation of the acoustic reflex is clini-

cally feasible as a diagnostic measure of cochlear abnor-

malities was not resolved in this experiment. Any observa-

tions made, e.g., the short time constant, were not proven

to be other than chance observations. ART integration,

therefore, could not be safely said to identify an end-organ

impairment.
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APPENDIX A

MEDICAL HISTORY FORM



Subject Medical History Form

1. Name Age Sex
2. Address
3 . Date__
4. Subject group: Normal Cochlear
5. History:

A. Conductive
1. Recent middle-ear problems: Yes No

Explain

2. Ear operations: Yes No_
Explain_
When Intra-aural muscles involved

B. Sensori-neural hearing problems:
1. Ear: L R Both
2. First noticed Duration
3. Diagnosis By whom

4. Meniere's disease
a. Episodes of true vertigo
b. Feeling of fullness of ears
c. Tinnitus
d. Fluctuating hearing loss
e. Frequency of attacks
f. Time of last attack
g. Present state: Active Quiescent

Unknown
5. Hearing aid: Yes No Don't use

C. Brain Injury: Yes No
Severe concussions: Yes No
CVA: Yes No

D. Medication or drugs currently used: Yes No
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APPENDIX B

PURE TONE HEARING LEVEL (ANSI-1969) OF ALL SUBJECTS



Normal Group

Sub-
J Civ- U Juul

Classif i-
La L XvJIl

Frequency in Hz
1 TCJ Ten 500* 1000* 9 n n n * JUUU A n n nt u u u

JG L good 10 10 15 18 18 20 10
R good 15 10 20 16 17 15 15

CP L good 0 0 1 7 8 5 0

R good 0 0 1 4 11 5 5

GP L good 5 5 7 9 15 20 15
R good 5 10 10 1 2 0 5

JP L good 0 0 -8 1 4 5 0

R good 0 0 -8 2 4 0 0

FS L good 0 0 -6 -7 -8 0 0

R good 0 0 -10 -4 -3 0 10

*Actual values obtained by Bekesy tracking.

Meniere's Group

Sub-
ject Ear

Classifi-
cation

Frequency in Hz
125 250 500* 1000* 2000* 3000 4000

AC L bad 65 60 59 68 65 70 70
R good 20 20 19 16 13 35 35

EC L bad 65 60 61 50 57 50 50
R good 10 10 6 5 8 25 45

FH L good 5 5 6 15 14 30 55
R bad 30 25 30 35 49 50 55

BM L bad 25 20 18 22 15 5 10
R good 20 5 8 11 13 10 10

LS L good 40 40 39 19 7 10 15
R bad 45 40 47 46 40 50 50

Actual values obtained by Bekesy tracking.
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APPENDIX C

VOLTAGE DIVIDER
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APPENDIX D

CALIBRATION DATA TABLES



Table 1. Frequency Response of Earphones in dB SPL
(re 0.0002 dyne/cm2

)

500 Hz 1000 Hz 2000 Hz

2 volts input

TDH-39 129 128 127

TDH-14 0 131 131 131

5 volts input

TDH-140 139 139 139
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Table 2. Step-Attenuator Linearity. These Data Were
the Pre- and Post-Experimental Values for the
TDH-140 Earphone at 1000 Hz in dB SPL (re 0.0002
dyne/cm2)

1-dB Increments 10-dB Increments

dB Pre Post dB Pre Post

0 139.1 139.0 0 139.1 139.0

-1 138.2 138.0 -10 130.0 129.9

— 2. 137 . 4 137.2 -20 120 .

1

120. 0

-3 136.4 136.2 -30 110.1 110.0

-4 135.4 135.3 -40 100.3 100.1

-5 134.6 134.4 -50 90.4 90.2

-6 133.7 133.5 -60 80.6 80.4

-7 132.8 132.6 -70 71.2 71.1

-8 131.9 131.8

-9 130.9 130.8

-10 130. 0 129.9
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Table 3. Recording Attenuator Linearity. These Data Were
the Pre- and Post-Experimental Values for the
TDH-140 Earphone at 1000 Hz in dB SPL

Pre Post

0 114 .

4

114 .

0

-10 94.0 93.8

-20 83.4 83.3

-30 73.4 73.2

-40 63.6 63.1

-50 53.6 53.2

-60 43.6 43.2

-70 34.3 33.8



APPENDIX E

RAX DATA OF THE ACOUSTIC-REFLEX THRESHOLD
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APPENDIX F

DISCRIMINANT ANALYSIS



Discriminant Analysis

Discriminant analysis is a form of multivariate

analysis. This type of analysis places the individual

values from two known groups on a continuum. Based upon

the group means and variances, a point on . the continuum

divides the individual values into two regions representing

two discrete distributions. Each individual is assigned to

the region to which it has the highest probability of

belonging. This posterior probability of an individual

coming from each group is based on group means, standard

deviations, a group covariance matrix, and a group corre-

lation matrix. An approximate F statistic tests equality

of group means.

Once the individuals are assigned to each region,

a contingency table can represent the number of correct

and incorrect classifications, as in Table 1. There were

9 correct and 1 incorrect classifications of 10 normal ears

and 4 correct and 1 incorrect classifications of 5 abnormal

ears

.

Table 1. Contingency Table of Discriminant Analysis

N A

N 9 1

A 1 4
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RAW DATA OF THRESHOLD OF AUDIBILITY
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APPENDIX H

CORRELATION COEFFICIENTS OF THE
TEMPORAL INTEGRATION MEASURES



Correlation Coefficients of the Measures Between
Temporal Integration of the Acoustic-Reflex Threshold and
Temporal Integration of the Threshold of Audibility.

Signifi-

Frequency Correlation cance

20 msec-200 msec measure

Normal ears 500 Hz 0.3763 ns

1000 Hz 0,6926 ns

2000 Hz 0,6349 ns

Cochlear-good ears 500 Hz 0.9177 .05

1000 Hz -0.9768 .01

2000 Hz 0.0186 ns

Cochlear-bad ears 500 Hz -0.2654 ns

1000 Hz -0.0995 ns

2000 Hz 0,6880 ns

10 msec-200 msec measure

Normal ears 500 Hz 0,0943 ns

1000 Hz 0.3887 ns

2000 Hz 0.6397 ns

Cochlear-good ears 500 Hz -0.7857 ns

1000 Hz 0.3493 ns

2000 Hz -0.9661 .01

Cochlear-bad ears 500 Hz -0.1461 ns

1000 Hz 0.1460 ns

2000 Hz 0.7719 ns

ns = not statistically significant.
.05 = significant at the 5 percent level.
.01 = significant at the 1 percent level.
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