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. ABSTRACT,

Auditory fatigue is now known as Temporary Threshold Shift
(subsequently abreviated tb..‘"I"TS). It has been defined as the temporary
elevation in the absolute threshold of hearing for a given test sound
resulting from preceding auditory stimulation by a given stimulus
sound (see Hirsh, 1952, page 177). A4ssociated with the phencmenon there
are six physical variables which sub-divide themselves into stimulus,
test and recovery factors. In this study each of the latter factors
was systematically :!.nve_s"l:_.igated using four groups of six undergraduate
subjects. Thresholds were measured using the Békésy (1947) technique
of threshold measurement. Control experiments were carried out to
verify that TTS results from the application of the .st:!.mulus tone, to
study the mechanisms involved in the Bekésy technique of threshold
measurement and the effects of this technique on the measurement of
TTS, to investigate any additive effects of TTS and to study the
possibility of any measurement errors resulting from the physical test
envircnment. |

The results of thé experiments showed that the stimulus, test
and recovery factors all produced a consistent duslity of results. It
was concluded that the unitary definition of TTS is inadequate and
that there are two TTS mechanisms. These are referred to as fatigue
and.temporary stimulation deafness. Fatigue is associated with
moderately intense stimmlus tones of fairly short duration. It
increases linearly with logarithm of the stimmlus duration; it is
maximal at stimulus freéuencies of 1000, 2000 and 3000 cps; it doss
' not vary significently with stimulus intensities of up to 90 db. but
thence increeses rapidly to a meximum; it is maximal at a test
frequency equal to the stimmlus freguency and recovery from it is
complete within oneminute of the cessation of the stimmlus. Tegxporary
stimulation deafness is assoclated with high intensity stimulus tones
of fairly long cfuration. It Jincreases linearly with the logarithm of
the stimulus duration; it is maximal with stimulus frequencies of
4000 to 6000 cps; it increases rapidly as the stimulus intensity is
increb.sgd; it is maximal at a test frequency an octave above the
stimnlus frequency and recovery from it takes longer than one minute
APy
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from the cessation of _tbe"_stimulus tone.

It is hypotheéizedt that fatigue'ié a neural, possibly bio-chemical,
adaptation effect a_nd thét temporary stimulation deafness results from
structural da:nagé to the ﬁrgan of Corti. Other work supports this
differentiation. The .phenomena. of fatigue support either a "place"
or a "volley" t.hebrj- of hééring. The phenomena of temporary stimuletion
deafness are partially explicable in terms of the .anatomical -

characteristics_ of the eaz?.'
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. 3.
CHAPTER, 3.
INTRODUCTION,

Apditory fatigue may" be defined as the temporary elevation in
the absolute threshold of hearing for a given tegt gound resultirng
from prior stimulation of the ear by a suiteble gtimulpg gound (see
Hirsh, 1952, page 17-'7). Unfortunately, the term has many theoretical
implications and cénsequéntly in the past ten years the term auditory
fatigue has been replaced by the term Temporary Threshold Shift (TTS,
see Meyer, 1953). ITS is not to be confused with Hood's "perstimulatory
fatigue", i.e. "adaptetion" (see Hood, 1950 and Bocca, 1960). The
latter phencmenon is & temporary elevation of the threshold of hea,ring
resulting during the application of a suitasble stimulus tone. It is
closely associa.ted with physiological adaptation and Hood- suggests
that it is localiséd in the end-orgens of the organ of Corti. It is
also closely associated with the transient threshold shifts caused by very
short duration sti:ﬁuli such as those used by Luscher and Zwislocki
(1947). Stimulation deafness (sse Caussé and Chavasse, 1942-43) is
another phenomenon closely associated with ITS. However, stimulation
deafness is a permapept elevation in the threshold resulting from exposure
to preceding auditory stimulation.

Figure 1 illustrates the gemeral procedure followed in
experiments on TTS. It can be seen that there are three main stages
as follows

(i) The. application of a given test sound to determine the

pre-stimulus, i.e. the pre-exposure, threshold.

(ii) The application of the ‘s-timulus sound, i.e. the

exposure period.

(141) The,re-a.pplication of a given test sound to determine

the post-stimulus, i.e. post-exposure. threshold.

The difference between the post-exposure and the pre-exposure thresholds

' provides an operational measure of TTS. Further inspection of figure 1

reveals that within the TTS situation the stimulus, test and recovery factors
aré associated with six ph,;,rsic':al independent variables. These are :
| (1) The frequency or type of stimulus sound.
(1) The intensity o.f_.’.’the stimulus sound.



Infensif_y
/,\ Stimulus Tone
Exposure Period
Test Tone ' %.?::"T Test Tone
) ) Pod-Exposure
] Fhﬁ&tﬂzng. PhJ:;d A
Variables Variables Variables
Test Frequency Stimulus Frequency Test Frequency
T.‘t DUI’Olen Sﬁ'muluo DI"'C"Q“ Test DUerI.Qﬂ
Stimulus Infensity Latent Time

—ﬁ Time

Figure 1: Illustrates the proceedure and main parameters involved in
TTS experiments.
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(i11) The duration of the stimulus sound.

(iv) The time after the cessation of the stimulus sound

at which the post-exposure threshold is measured (i.e.

latent time, see Rodda, 1960).

(v) The frequency or type of test sound.

(vi) The duration of the test sound.
The duration of the.test sound in TTS experimeﬁts is usually
fairly long or continuous, since variations in threshold with test sound
duration are thought to result from changes in the test duration and
not from any ITS effects. Since the advent of the Békésy technique of
threshold measurement in 1947 (see Békésy, 1947) this has been used
almost excluéively for making threshold measurements in TTS experiments.
The technique enables the subject to determine his own threshold by
varying the intensity of a sound and consequently very rapid
determinations of his threshold can be made. Since the threshold
shifts result;ng from TTIS are only temporary, this ability to measure
rapidly the threshold is of obvious advantege. Unfortunately, since
the method is comparitively new, knowledge of its psychological basis is
very limited.

The first experiments on TTS were probably carried out by Urbant-
ééhitch (1875). Since that date papers have regularly appeared on
the topie. In the majority of these papers, testing has been
usually limited to showing the effect of one variable under very
specific conditions. Consequently, the results obtained are not general
and a combination of the results from different experiments to provide an
overall picture is virtually impossible. Hirsh (1952, page 178) refers
to "the disjointed and apparently unrelated nature of the parts" of the
problem that have been studied. In 1962 the position is little better.
There are three exceptions to the statement made above. Hood (195C)
has published a feairly extensive study of the problem. He used
moderately intense stimulus tones of moderate durations. However, in
the majority of his experiments, he only used one stimulus condition.
Davis, Morgan, Hawkins, Galambos and Smith (1950); Ward, Glorig and
Sklar (1959) and Ward, Glorig and Selters (1960) have published very

extensive work on TTS effects resulting from very intense stimulus
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tones applied for long periods. However, as will be shown in subsequent
sections these intense exposures to .not produce a TTS gimilar to that
produced by more moderate exposures.

It can be concluded that there is a grave lack of continuity in
the study of TTS resulting from moderately intense stimuli and a failure
to differentiate this effect from ITS resulting from ﬁore intense
stimnli. The experiments reported in this thesis are an attempt to
begin inter-relating all of the TTS variables. The experiments are
not complete and it will require many more years of intensive study
before the vast range of possibilities has been studied. However, they
do cover the effect of variation of the stimulus and test conditions

both seperately and concurrently.
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CHAPTER 11
HISTCRY.

The history of TIS is found to be intimately interlinked with
the more general 'problem of fluctuations in sensory responses or as
it has since become known the "fluctuations of attention” controversy
(see Oldfield, 1955). In 1875 Urbantschitch (1875) published a paper
describing changes in the response of a subject to simple sound stimull.
This reported that weak sound stimﬁli vhich were of a constant intensity
around threshold level, such as the ticking of a watch, were irregularly
detected by the observers. ,Phjéicai variations in the actual intensity
of the sound did not give rise to the effect since a careful control
experiment showed that different subjects reported not hearing the
sounds a.t'différ.ent times. Urbantschitch explained the observations
in terms of a dual fatigue and recovery process within the auditory
nerve. Thus the concept of auditory fatigue or ITS entered into the
terminology of péycho-acoustics. '

However, the next fifty two years saw a major conflict of
opinion as to whether .'t:he auditory mechaniam could be fatigued or
whether Urbantschitch's and similar results were simply an artifact
of attentional factors. Thirteen years after the publica.tion of
Urbentschitch's paper Lange (1888, see Guildford, 1927) rejected the
hypothesis of fatigue because :

(1) There is no evidence that sensory nerves tire so

quickly from minimal stimuli.

(ii) "The nerve would have to recover while being

stimlated".

(iii) "The effect ought to be noticed with intense

stimli®. "
.Lange conducted experiments in. which he found that when two stimuli
from two modalities were presented simnltaneously they did not fluctuate
independently but formed a rythmn in which one stimulus alternated with
the other. Hence, he concluded the phenomenon resulted from "fluctuations
of attention" which gave rise to corresponding fluctuations in the
"apperceptive" process.

It is at this point in history that the problem of auditory
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fatigue became: subordinate to the. problem of whether there are real
: vafidti’bhé 1nthe thn;eshold resultingfrom f;.tigue, adaptation or same
other a:l.milar pﬁeﬁoﬁehon- or shether such cha.nges are merely the result
of attentic;n'a].}v'irre"gbia'rities; . With. the posing of this more gemeral
‘problem, the study tended to leave the field of audition and auditory
‘fatigue and concentrate on other _s'egxgéu_‘y'modaﬁtie;s. Possibly due to
the influsnce -of Wundt and the Wuraburg School; vision tended to
predominate as the most prolific field of study. Supporters of the
"flnctuat:l’ohs’l"jbf at‘benﬁqn"”éﬁrplané‘bibn of thﬁéshold variations with
audiﬁory7or'dther 'éensory? ‘stimuli included Sl-angiter (1901),
Pillsbury (199-‘31) and Galiowl(lgm). Supporters of the adaptation
or fatigue theories inc’lﬁdea_hehmfann (1394'), Munsterberg (1889),
Hetnreich and Chwisteck (1907) and Ferres (1906 and 1908).

During the middle of ‘the "flﬁctuat:l.”op‘s].of' attention” controversy
there developed a minor "eon‘t::"overs_y‘ as to whether or not there were in
feact any true fluc-tugﬁioﬁé of perceptual responses to auditory stimuli.
Hudjeman (1894), Heinreich (1900 and 1907), Eamer (1905) end Scheeffer
(1905) found fio evidence for such :‘flﬁctnétions, whereas Cook
(1900),'Tiﬁchener' (1901) , Wierama (l'ébl),'Bonsér (1903), Dunlap (1904)
and se-a;shpré and Kent (1905) did. ;Hoﬁayer, ‘Jackson (1906) observed
thet the renge’ of intensities over which fluctusticns are observed is
very small. Hence it s'eems'probable‘_ﬁha.'t'_ the negative results were
associated with the use of stimuli which were outside the remge inm whick
Jackeon. observed the effects to 6¢cur.

It was not until 1927 when Pattie (1927) published an excellent
paper on the topic that anditory fatigue becams an estsbliehed fact and,
the hypothesis of '"fluctuaﬂons"of atféntion" as a genersal explanation
of all threshold variatioms fell into dlavepute. The rout started by
the publication of Pattie's paper was completed by the independent
 publication inthe ‘same_ year of a paper byGuildford (1927)
specifically on f"'gidc':'tl_i'atiqns of attention®.

Prior to the publiéation of Pattie's paper the general conclusion
of most -of the work follow:lng upon Urbantsch:ltch's original paper was
that the ear could not be fa.tigued. Huijaman (op.oit ), Sewall (1%07),
Scheeffer (op.cit. ) and’ Bartlett and Mark (1922) all obtained negative
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I1lustrates the results obtained by Pattie (1927). Abscissa is

latent time in seconds. Ordinate is percent of responses judged

louder in non-fatigued ear.




10.
results. The positive results of other experimenters such as Wilson and
Myers (1908), Albrecht (1919) and Flugel (1914 and 1920) were explained
avay as resulting from "fluctuations of attention." The difficulty of
most of the early workers seems to have been one of finding an adequate and
reliable measure of fatigue, i.e. a measure which sﬁitably reflected
changes in hearing acuity. Without exception they used sound stimuli
well above threshold and used either changes in localization or changes
in the time for which sound from a tuning fork was heard as measures
of the effect. The difficulties with these methods and the criticisms
that can be made in retrospect are that :

(1) Above threshold sounds are not likely to show fatigue

effects as easily as sounds at or very close to the threshold.

(11) Localization of sound stimuli tends to be accurate

only for gross changes.

(444) It is difficult to equate the loudness of tuning forks

and hence to quantify the time for which a sound is perceived.

(iv) Unless a masking stimnlus is applied to the contra-

lateral ear there is often binaural stimulation when a tuning

fork is placed on the mastoid process.

However, Pattie used a binaural loudness balance test to measure the
changes in loudness resulting from monaural stimulation of the ear by
pure tones and this proved to be a more sensitive measure.

The general form of Pattie's results are shown in plate 1 which is
reproduced from his paper. He reached the conclusion that the ear could
be fatigued but that the term "labile" used by Flugel (op. cit.)
adequately described the phenomenon. A further control experiment using
binaural stimulation indicaﬁed that the locus of fatigue was periphersl.
Guildford stated that the problem "is nothing more than a matter of
limen; to discover ways in which the phenomenon is dependent upon the
intensity of the stimulus, to point out the operation of certain
peripherel and central physiological factors." He used visual stimuli
to study the phenomenon and avolded adaptation by utilizing only extremely
brief presentations of the stimuli. He found that only with the latter
condition did the intensity at which the stimulus was perceived for 50%
of presentation time agree with the threshold as determined by the method
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of limits. In a series of care}ully controlled experiments he found
that retinal adaptation, »eyé movements and local central fatigue all
affected the 'perivovd for wﬁich the stimull were perceived. He
justifiably concludea tha.t there are too many "physiological conditions®
involved in the effect to attribute it to "fluctuations of attention.”

Following on from Pattie's work séveral papers were published
establishing the fact that appropriate preceding anditory stirmlation
has a "fatiguing" effect on the ear. Békdsy (1929) found that
fatigue was maximal at the frequency of the stimulus tone. Using
stimulus tones of 200 to 2000 cps at an intensity of 10C db., he found
that fatigue was produced at test frequencies of 1000, 2000 and 30C0 cps.
He also found that threshold shift was maximal at a stimulus/test
frequency of 3000 cps and reached the erroreous conclusion that fatigue
is not cansed by stimulus frequencies of less than 1000 cps. More
recent work (see Hughes, 1954) has showun that frequencies of less than
1000 cps will produce TTS.

. Bwing and Littler (1935) extended the range of stimulus conditions
covered by s'tudying the effects of stimulation at intensities just below
the threshold of painv. They used both normal and partially deaf subjects
and found theat the loss of sensitivity ranged over one or two octaves
but that outside this ‘range the threshold remained normal. They also
found that fatigue increased as the duration ’of the -stimulus was increased.
Finally, they were the first workers to suggest that there might be more
than one kind of fatiguing process.

dnother line of investigation followed in this period was the
effects of precédi‘ng auditory stimulation on the differentigl threshold
of audition. Rawdon-Smith and Sturdy (1939) found that " a loss of
differential sensi'fivity“ for intensity resulted from preceding pure tone
stimulation. They studied the characteristics of the effect and found
that it was greatest at the stimnlus frequency. They also found that
only frequencies which were an even multiple of the stimulus frequency
were affected. This line of research was-;xgain-‘allowed to lapse and
it was not until 1962' that further work Qas carried out on the
phencmenon. Elliott, Riach and Silbiger (1962) found that as the amount

of fatigue, that is as the severity of the exposure, was increased the
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differential threshold for intensity was reduced. This they explain as
the result of recruitment which is‘ of:'c.en associated with fatigune and
which causes an abnormal growth in the perception of loudness. (See
Dix, Hallpike and Hood, 1948 and Hallpike and Hood, 1951).

The results of Elliott et al. are at first sight contradictory to the
earlier results of Rawdon-Smith and Sturdy. However, a reconsideration
of Rawdon-Smith and 'Sturdy's data indicates that the difference is partly
one of emphasis. They emphasized the elevation of the differential
threshold with incre'a.sihg stimulus intensities but at a constant stimulus
‘duration of two minutes. Elliott et al. emphasized the decrease of the
differential threshold at a.pﬁroximate_ly constant intensities of 105-115
db. . but at varying stimilus durations which ‘were arranged to produce
increasing smounts of fatigue. Hood (op. cit.) has showun that the amount
of fatigue increases only very slightly as the stimulus intensity is
increased up to about 90 db. Rawdon-Smith a.nd- Sturdy used stimnlus
intensities ranging from O to 110 db. and thus we can assume that the -
emounts of fatigue produced by their stimuli were relatively constant -
for the lower stimulus intensities. Hence we can conclude that
Rawdon-Smith and Sturdy's results indicate thet with gongstent smounts
of fatigue, the differentiai “threshold for intensity increases in value
as the stimilus intensity is increased. The results of Elliott et al.
directly indicate that with jngreasing smounts of fatigne, the differential
threshold for intensity is reduced. However, this difference only
resolves the differences between different stimulus conditions. It
does not resolve the basic differences between the two studies of quantit-
ative increases or decreases re pormsl threshold. Unfortunately,
Elliott et al. do not seem to have been aware of Rawdon-Smith and Sturdy's
results and did not carry out, any experiments with varying intensities.
In the light of present knowledge it would appear that the results of )
Elliott et al. are more logical since they are supported by the recruitment
phenomenon. However, more work'is required In this field.

Initially Rawdon-Smith (1934) returned to the original fatigue
bypothesis of Urbantschitch (op. cit.) and explained the phenomenon in
terms of inm'ea.ses in the refractory period of the nerve fibres and a con-

sequent reduction in the rate of volleying. In a later paper (Rawdon-
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Smith, 1936) he changed the locus of the effect to a central mechanism
becauselof resﬁlts showing the existence of a "disinhibitory phencmenon.”
Thus if an innoccuous stimulus was applied to the subject during recovery
from fatigue then there was an almost immediate return of the threshold
to normality followed by & further increase in the threshold.

Broadbent (1955) has pointed out that this result poses an unanswered
question in work on TTS. It is now generally accepted that fatigue is
‘peripheral but as yet nobody has explained how Rawdon-Smith's results

can be explained on this basis. Unfortunately, the experiment has never
been. repeated and it does appear to have been omitted from any discussions
of the locus of fatigue. Huowever, it indicates that overlaying'the‘
peripheral locus there may be under cerﬁain conditions a central

inter-sensory factor.
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CHAPTER 111
STIMULUS AND TRST TONE VARTABLES IN. TTS,

(a) mm ¢ The results obtained in experiments studying
the effects of stimulus duration on TTS are more conclusive than those
obtained in ezperiments studying the other stimulus variables. Bwing
and Littler (1935) noted that TTS increased as the duration of the
stimulus was increased. ﬁ'_’a{‘pese’ and Chavasse (1942-43) found that with
a stimulus tone of 1000 eps at stimulus intensities of 10-40 db., the
amount of TTS increased linearly with the logarithm of the stimulus
duration as the latter was increased from 10 to 40 seconds. Hood (1950)
has extended the work of Causse and Chavasse. He used a stimulus tons of
2048 cps at an intensity of 100 db. and found that as the duration was
increased from 10 to 320 seconds.the amount of TTS increased linearly
with the logarithm of the stimulus duration. Ward, Glorig and Sklar
(1959) and Ward, Glorig and Selters (1960) heve also obtained a logerith-
mically linear increase in TTS with the stimlus duration as the
m. duration of the stimmlus is increased from 10 to 30 minutes
or from 30. to 500 minutes respectively. In both of the latter studies
the stimulus used wa.s octave band noise.

However, it does not appear that Hood and Ward et al. are
studylng the same effect since Davis, Morgan, Hawkihs, Galambos and
Smith (1950) have claimed that as the stimulus duration is. increased from
1 to 64 minutes the graph of TTS against stimulus duration changes from
linearity to positive acceleration. Careful inspection of the results
of Davis et al. reveals that the linearity at the lower dzn'atio:;s is
rather forced. The results could also represent two stages of a positively
accelerating curve which, when transposed, wounld give a logarithmieally
linear increase in TTS with both long and short stimmlus durations. The
lipnear increases would of course have different slopes which would
indjcate that there are two TTS effects manifested. One seemingly
associated with short stimmlus durations and the other seemingly associated
with fairly long stimulué durations.

One would expect that there exists some relationship between
stimulus duration and stimulus intensity. For example "Rol has found

bursts. of a stimulus are less effective than a continuous stimulus® (see
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Spisth and Trittipoe, 1958a). The United States Air Force sssumes
that intensity and duration have equal weightings in calculating noise
exposure hazards. (See Ward et al., op. cit.). By analogy it has been
suggested (see Spieth aﬁd‘?ﬁiﬁtipoe, 1958a) that a similar condition
applies in TTS. However, q;periméntal-fééults do not confirm this
hypothesis. Spieth and Trittipoe (1958b) have analysed the results of
Davis et al. (op. cit.) and found "that for two exposures to a tone,
both having equal total enmergy, the exposure with the lower intensity
and the longer duration nearly always produced the greater and more
persistent TTS." Haris (1953) has reported similar results.

Spieth and Trittipoe (1958a) offered more evidence against the
suggestion of equal weighting when they found that lm/see. bursts
of noise had considerably less effect than eq;ﬂ.valent continucus stim-
ulation. They also less extensively tested burst of noise of 10m/sec.
and 1 second duration. They concluded that these caused no more TTS
than continuous stimulation and probably had a smaller effect. In a
later study (Spieth and Trittipoe, 1958b) fhey found that 20 seconds
after exposure,TITS was greater with increased stimulus intensities
irrespective of the stimmlus duration. When TTS was measured five
minutes after exposure they obtained results (see plate 11) in which
the relationships were typically bow - shaped. They suggest that at
moderate intensities a 2 to.l weighting of stimulus duration to
stimulus intensity may be more appropriate. They also point out that
as the intensity is increasédfthis relationship must eventually
become invelid.

Ward et al. (op. cit.) carried oﬁt further investigations on this
phenomenon and concluded that the hypotheses of equal weighting and of
2 to 1 weighting both held under certain 1limited conditions. However,
. they also concluded that the relationship was much more complicated
than suggested by either of these equations. Unfortunately neither
Ward et él.nor any other workers studied stimnlus intensities of less
then the critical stimulus intensity of approximately 95 db. (see page
17 ). Consequently, it becﬁmes impossible to say with any certainty
whether the duality of results associated with variations in the stimulus

duration would persist in the relationship. However, the hypotheses
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of equal weighting and of 2 to 1 weighting both seem to assume a
logerithmic linear relationship between TTS and stimulus duration
without the existence of any critical duration similar to the critical
stimulus intensity. It will be shown later that this assumption cannot
be made (see page 69 ). Similarly they would also seem to assume a log-
arithmic linear recovery from TTS. However, Ward (1960) has shoun that
if TTS is high, this relationship only applies in the initial stages of
recovery.

We can conclude that the effect of stimulus duration on TTS reveals
a dual effect. It appears that when the results of different experiments
are interelated, the TTS increases linearly with the logarithm of the
stimulus duration over a wide range of stimulus durations. Houever,
it also geems fairly clear that this linear increase sub-divides
itself into two parts. The relationship between stimulus duration and
stimulus intensity is epproximately 1 to 1 or 2 to 1 under certain
limited conditions.' However, the ccmplete relationship is much more
complicated and as yet it has not been related to the éritical
stimulus intensity or the critical stimulus duration. '

(b) Stimylus Intensity : Ewing and Littler (1935) were the first
writers to suggest that there might be a critical stimulus intensity
associated with ITS effects. They did this indirectly when they
suggested that there were two kinds of "fatigue" and that the threshold
of feeling is not an adequate indicator of"overloading" of the ear.
Hood (1950) points out that this idea 1s also suggested when the small
emounts of TTS recorded by Ewing and Littler and obtained with
stimulus intensities of up to 110 db. are compared with the much
greater shifts recorded by Davis, Moréan, Haukins, Galambos and Smith
(1950) with stimilus intensities of up to 130 db. |

Hood (op. cit.) was the first worker to effectively show the
existence of a critical stimmlus intensity. Using a stimulus frequency
of 2048 cps, a stimulus duration of one minute and a latency of ten
seconds he found that TTS increases only slightly as the stimulus
intensity is raised from 60 to 90 db. However, he also observed that
it inweasgs rapidly as the stimulus intenslty is raised from 95 to
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110 db. The résulfﬁs of Davis et al. (op. cit.) also uspally show that
as the stimulus is increased from 110 to 130 db., further rapid
‘increases in TTS occur. Jerger (1956) in his studies on diphasic
recovery from TTS also noted that repid increases in TTS occur with
stimnlus intensities exceeding 95 db.

Ward, Glorig,and Sklar (1958) using octave-bend noise and a
4000 cps test tone, have suggested that the increases in TTS with
stimulus intensities above the critical stimulus intensity are linear.
Initially they suggested that the function was represented by the
following equation :

TTS, = 1.06 [iitiRa(Sc-“;J ["3"".71-"7]

vhere SIT‘I'S2 = ITS two minutes after cessation of the stimulus
Ri = ratio of time on to time ore. !
S; = Stimulus intensity (which must be greater than
or egual to 85 db.).
T = Duration of stimulus

Later this equation was revised to
TTS, = 0.61 [si-700[leq,, T +0.33] - 9.5

vhere B, = 1 and the symbols have the same meening as in the first

i
eqv.'za:l'.:l.can.2 These equations of course only apply to the specific data
collected by Ward et al.

It is difficult to judge from Hood's data whether this increase:
in TTS above 95 db. is linear since he only used stimulus intensities
of 60, 70, 80, 90, 100 and 110 db. However, judging from the above
points, they do not appear to be so. Hence, at first sight Hood's
results and the results of Ward et al. appear to be contradictory.

The discrepancy poSsibiy reflects the existence of two TTS effects.

Hood measured his TTS ten secopds after the cessation of the exposure

tone, whereas Ward et al. measured their TTS over a two minute period

1. Note; if stimulation is continuous R = 1.
2. Notej that Ward et al. actually used different symbols in the

second equation, but these were equivalent.
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after the cessation of the exposure-ﬁone. ‘The former is definitely
in the first phase of recovery from TTS and the latter is definitely
ih.the second phase of_récovery from TTS (see page 29 );

Further evidence for the existence of a eritical TTS stimlus
intensity has been provided by Epstein and Schubert (1957). They used.
not only the amount of ITS, but‘also the recovery time and the amount
of recruitment present in an attempt to determine the critical TTS
intensify of a thermal noise stimulus with a duration of 3 minutes.
They used a 4000 cps test tone and found that at latencies of
5, 10, 20 and 60 seconds there is a sudden increase in ITS at 80 db.

A composite expression utilizing TTS, recovery time and recruitment
gave a similar increase at 80 db. Unfortunately, the latter result of
Epstein and Schubert mmst be viewed with reserve, since they used the
vidth of the expursions in Békésy tracing to measure the amount of
recruitment present. The validity of this nethod has been questiocned
(see page 44 ). |

There is some evidence that the existence of & critical stimulus
intensity for TTS is not a universal phencmenon. Davis et al. (op. cit.)
noted that for some subjects there was a reducéibn in the erount of ITS
as the stimulus intensity was raised fram 120 to 135 db. Trittipoe
(1958a) also noted that although he obtained consistent increasss in
the mean TTS as a thermal noise stimulus was increased from 108 to 125
db., some of his subjects showed a consistently downward trend with
increased stimulus intensities. In the latter case the intensit&
differences were tested and this downward trend was found to be
statistically significant. le may conclude that this difference reflects
a duality of TTS effects and that those subjects showing the d0wnﬁard
1rend are highly resistant to high intensity TTS. .

Lavrence and Yantis (1957) have claimed that Hirsh and Bilger (1955)
found "no significant differences in the amount of fatigue far the
stimulus tone following levéls of stinulation up to a sensation level of
100 db." In actual fact they obtained this result with only short
duration exposure tones when IIS wag measured st the stimulus freomency.

Moreover, even when the test and stimulus frequencies were the ssme
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value Hirsh and Bilge;' found a large increase in TTS at a stimulus
intensity of 90 db. and with a stimulus duration of four minutes.

Their negative results with short stimulus durations may result fron
chance errors associated with the small amounts of TITS produced when
the stimulus and test frequencies have the seme value. The majority
of the shifts they recorded ﬁnder these conditions were less than 5 db.
Hovever, it seens more likely that ITS at a 1000 cps test fregquency
does not show any sudden increase with increased stimulus intensities.
Careful study of the results of Miller (1958) reveels that TTS, after
exposure to white noise, shows a sudden increase at approximately 95 db.
stimulus intensity with test frequencies of 2000 - 8000 cps. With test
frequencies of 500 end 1000 éps it shows no such sudden increase..
Lawrence and Yantis (op. cit;) have also obtained negative results witk
a 1000 cps stimulus end Davis et al. (op. cit.) have shown that test
frequencies of 2000 - 6000 cps 'ai‘_e moat affected by high intensity
stimletion. Hirsh and Bilger categorically state that when TTS was
measured at a test frequency a half octave above the stimulus frequency
"above 90 db. the emount of .......... THL increases sha.'t'pil.y.“:l
Lawrence and Yantis (op. cit.) used TTS and overloed (frequency
distortion) to measure the effects of preceding stimulsation on the
respoﬁses of the ear. They used the Be’ke/sy technique to measure both
the TTS and the overlocad. In.t.he case of overload, the phenozenon of
beats between aural harmonics and the test tone determined the vidth and
mean point of fluctuation during the Bekesy tracing. They found that |
although there was no increase in TTS, there ;ras an increase in overload
with increased intensities of stimuletion. Lawrence and Yantis's results
can be criticised because they measured TITS at a test frequency equal to
the frequency of the stimulus tone. We have already seen in the case
of Hirsh and Bilgers results that under these conditions TTS is very
small and it is difficult to make an adequate assessment of any changes.
Another criticism of Lawrence and Yantis's results is that although they

1 THL (Temporary Heering Loss) was the term used by Hirsh and Bilger,

but it means TTiS.
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22. |
state that "post-stimulus fatigue ........... showed little variation -
with stimulus intensity" their results were not completely negative.

Platé 111 reproduces results thained by Lawrence and Yantis in another
experiment designed to ascertain a suitable intensity for the cormencement
of the overload experiments. | In these they did measure TTS not only
at equal test and stimulus frequencies but also at test frequencies a
half an octave and one octave above the stimulus intensity. It can be
seen from the plate that under the latter conditions, there are sudden
increases in TTS at approximately 100 db. as the stimulus intensitf is
increased. However, in discussing their results they completely ignorel
this and concentrated upon the results obtained with equal stimulus and
test frequencies.

Stimuli even e.t/low intensities which normally produce very little
observable TTS nay pr/oduée an increased susceptibility to TTS. This
was suggested by studies of Trittipoe (1958 a and b) in which he stimulated
subjects for 3 minutes with 118 db. noise after previous exposure to
either 15 minutes silence or 15 minutes noise at a variety of intensitiés
ranging from 48 to 88 db. These stimmli, according to Trittipoe,
produced no observable TTS. He found that TTS was significantly affected
by tke previous noise exposure. However, there were wide individual
differences. The result is dependent upon Trittipoe's statement that
the noise at the 48-88 db. level produces no observable ITS. Unfortunately,
he did not use a "comercial” noise so we cannot directly judge for his
pérticular conditions. Howevér', there is great mnouﬁt of information
available to show that exposures at this level do produce TTS if the
latencies are sufficiently small. (See for exsmple Causse and Chavasse,
op. cit. and Hood, op. cit.) -

The incorrectress of Trittipoe’s .assmnption is confirmed by more
recent experiments of Ward (1961). He used stimulus intensities of
60 and 70 db. to produce latent effects. However, he took precautions
to prevent the obgseryable TTS effects produced by the pre-exposure
stimli from affecting subsequént measures of TTS. Under these conditions
he found "that latent effects"'are at best neglible." It seems unlikely
that exposures at stimulus intensities less than the critical stimulus

intensity (approximately 95 db.) would produce true residual effects
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for stimius intensities greater than the criticel stimulus intensities.
Iﬁtensities above and below the critical intensity seem to be associated
with different TTS phenonenon.

In sumary it would appear fairly well established that there
exists a critical stimulus intensity of approximately 95 db. Below
this the differences in TT_S.with stimulus intensity are slight; whereas
above this, TTS increeses lineerly with stimulus intensity. The
effects observable above the critical stimulus intensity do not reveal
themselves at a 1000 cps test frequency. They are probably associated
with the two phases of recovery fron TTS. The high intensity effects do
not appear to be affected by prior stimulation at intensities less than
the critical intensity.

() Stimulus Freauency. The earlier work of Ewing end Littler (1935)
and Rawdon-Smith (1934 and 1936) indicated that stimulus frequencies
above 1000 cps produced more TTS than stimulus fréquencies of less than
1000 cps. Béke/sy (1929) even reached the erroneous conclusion that
frequencies of less than IOOO eps did not produce any ITS. However,
Béke’sy's result probably arose from the lack of a suitable technique
to obtain a rapid determinatiox_z of the post-exposure threshold. Hence
by the time he had mea,suredl_the post-exposure threshold, the ITS effects
had been dissipated.

The first conprehensive study on tke role of the stimulus frequency
in producing ITS was .c&ried out by Davis, Hawkins, lorgen, Gelambos and
Smith (1950). Using stimulus intensities of 120 to 140 db., these workers
found that a 500 cps stimulus tone was least effective in producing TTS,
that 1000 and 2000 cps stimulus tones were equally effective in producing
TTS and that a 40C0 cps stimulus tone was most effective in producing
ITS. Hovever, a careful inspection of their results reveals that for
some individual subjects, a 2000 cps stimulus tone was slightly more
effective than a 1000 cps stimulus tone.

These results did not agree with results published earlier by Causse -
and Chavasse (1942-43). Using a test frequency equal to the stimulus
frequency, they found that fatigue was maxiwal >at a stinulus frequency of
3000 cps with stimulus intensities of 30-40 db. However, since they did
not use stimulus/test frequencies of 2000 and 4000 cps, it may be that the
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3000 cps peak is simply an artifact. However, it seems unlikely that we
can explain the discrepancy in this way, since Hood (1950) obtained
maximal TTS at 900, 1800 end 2700 cps stimulus frequencies. 4 more
important difference between the work of Causse’ and Chavasse and
Davis et al. is that they used very different stimulus intensities.
It has been established (see pages 17 to 21) that there is a change in
the nature of TTS at the critical stimulus intensity of approximately
95 db. Since Caussé and Chavasse used stimulus intensities of 30 to
40 db. and Davis et al. used stimulus intensities of 120 to 140 db.,
they were obviously measuring two entirely different effects.

If Baussé and Chavasse had tested more intermediate frequencles
they might well have obtained similar results to those of Hood. It was |
stated above that he found that ITS was maximal at stimulus frequencies
of 900, 1800 and 2700 cps. His results also show that TTS at these
peak maxima increases as the stimulus frequency increases. Thus TTS
at 900 cps is less than TTS at 1800 or 2700 cps, although it is greater
than at all other stimulus frequencies. Similarly TTS at 1800 cps is
less than TTS at 2700 cps. He makes no reference to a maximum at
4000 cps and agein this is contrary to the results of Davis et al.
However, two of the individual results that he shows do have a further
maximum at about 4000 cps. In his mean graphs no frequencies above
3600 cps are shown. Hence it is impossible to judge whether such a max-
imum was present. Hood relates his work to the work of Derbyshire and
Davis (1935) on equilibration and the volleying of the auditory nerve.
Thﬁs at approximately 1000, 2000 and 3000 cps, the auditory nerve filres
are firing at their maximal rate and consequently the time between
impulses in individual fibres is only fractionally greater than the
absolute refractory period of the fibres. He hypothesised that TTS
would be maximal at these frequencies since the nmerve has virtually no
time to recovery between successive impulses.

Degpite the excellent quality of Hood's work it can be criticised
on three points :

(i) He used only one stimulus intensity to study the effect.

(41) He used a stimulus intensity of 100 db. which is very
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close to the critical stimmlus intensity.

(1ii) He measured TTS at a latency of one minute which,

as we shall see later, is a transition point in the

two stages of rec?overy from TTS (see page 17 ).

The criticisms do not invalidate Hood's wox;k but they do mean that

" further experimentation is necessary before the results can be accepted
as being generally applicable. The author's own work has shown that
there are limitations on the conditions under which Hood's results
apply.

‘The greater influence of 4000 cps in producing TITS at ﬁzoderately
high intensities is confirmed by results published by Ward, Glorig and
Sklar (195%). They found that when octave band noise was used as a
stimulus, maximal TTS was produced by the band 24C0 - 4800 cps at:
stimulus intensities of 90 to 105 db. Thompson and Gales (1961) have
shoun that TTS at 4 ke is independent of the bandwidth of the stimulus.

- They u’séd noise stimuli at a sound pressure level of 110 db. and with
bandwidthsof up to one octave. Hence it scems safe to conclude
that the results of Ward et al. indicate the greater effectiveness
of 4000 cps pure tone in producing TTS. Hirsh and Uard's work (1952)
on diphasic recovefy from TTS is also indicative of the twofold
nature of the stimmlus frequency variable. They state that "after
acoustic. stimulation .by -sounds containing gt leagt gome frequencies
below 4000 cps the redovery of the auditory threshold ........ is
represented by a diphaéic curvé."

In conclusion it would appear thet depending uporn the severity
of the exposure and particularly upon the stimulus intensity, ITS is
maximal at 1000, 2000 and 3000 cps or at 4000 cps. With intensities of
less than appro:d_mately 85 to 100 db. the former condition seems to prevail
It is difficult to predict what happens at higher intensities, s;lnce
an intensive study of thesé has not been reported. Davis et al. (op. cit.)
used only frequencies of 500, 1CC0, 2000 and 4000 cps and the bands of
noise -of Ward et al. (op. cit.) were too wide to determine any inter-
mediate frequency effects. 4 4000 cps stimulus is the ﬁost effe'ctive of

those extensively tested, but whether the maxima at 1000, 2000 and 30CO
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cps still persist, is uncertain.

(d) Test Tone Relationshipg in ITS. Once again BEwing and Littler's
(1935) work was indicative of later results. They suggested that
maximal TTS occured at frequencies above the stimulus tone and that it
spreaed over about two octaves. Perlman (1942) made a similar
suggestion but neither heinf Ewing and Littler had anything more
specific to say on the prdbiem.

The first detailed results came from Davis, Hawkins, Morgen,
Gelambos and Smith (1950) who found that "the greatest loss of
gensitivity occurs at a frequency about half an octave above the
exposure tone." The results.of Davis et al. also showed that a stimulus
tone of duration one or two minutes produced a spreed of TTS over onme
or two octaves. This confirmed the suggestion of Eving end Littler
and of Perlman. However, Davis et al. also noted that with longer
stimulus durations, i.e. 32 and 64 minutes, the range of test frequencies
showing observeble TITS exceeded two octaves.

Kylin (1961) usirg filtered white noise stinmuli has extended the
work of Davis et al. He found the band of test frequencios affected
increases in width as the intensity of stimulation is increased.
Howevér, contrary to the results of Davis et al., he claimed that
whatever the stimulus conditions the band of frequsnciecs affected never
cévered & renge of more than two octaves. This discrepancy does not
seem to be assoclated with the use of noise instead pure tone stimuli,
since one would expect a greater band of fredquencies to be affected
by noise than by pure tones. The discrepancy is more likely to be
a function of stimulus intensity, since Kylin only used stimulus
intensities of up to 115 db. whereas Davis et al. used stimulus
intensities of 120 to 140 db.

Kylin's results certsinly do not hold vhen unfiltered noise is
used as & stimulus. Postman and BEgan (1249) used unfiltered white
noise as & stimulus tone and found that 30 seconds after exposure, a
range of frequencies from 250 to 8000 cps were effected. Since 8000
cps was the highest frequency tested the range of frequencies affected

may have been even greater. However, the range of frequencies most
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geriously affected is from 2000 to 8GO0 cps and this equates with
the 2 octaves suggested by Kylin. Davis et al. (op. cit.) have
suggested that the test frequencies most seriously gffected are from
2000 to 6000 ecps and this result has been confirmed by Ruedi and
Furrer (1946 and 1947)

It is possible in swmarizing these discrepancies to make two
suggestions to explain the differences. These are that :

(i) Kylin's results are not general and that they are an

artifact produced by the use of limited stimulus conditionms.

(ii) Kylin's filtered vhite noise equates more to pure tones

than vhite noise and that his results hold for pure tone

but not for noise stimuli.

The latter suggestion is hardly tenable since Davis used noise as well
as pure tones. Consequently it would appear that the former suggestion
is more likely to be correct.

The results of Dé.vis et al. and Kylin are contrary to those of
Causse e.nd. Chavasse (1942-43) who found that with lov intensity stimulus
tones there is a symme‘trica; spread of fatigue about a test frequency
equal to the stimulus frequency. Earlier results by Béke’sy (1929)
and Rawdon-Smith (1934 and 1936) had also indicated that meximel TTS
occurs at the stimulus frequency. Hirsh and Bilger (1955) have
suggested that for low intensity levelsg of the stimuletion, a test
frequency equal to tha.t‘ of the stimulus tone is most adversly affected
They noted that as the stimulus intensity was increased, TIS spread to
the higher intensities until maximal TTS occured at a test freauency
a half octave above the stimulus frequency. Lewrence and Yantis
(1957) confirmed these results but also noted that.elthough TTS was
maximum at a test frequency of 1500 cps, after exposure to a 1000 cps
tone, recovery from ITS wes slower at a test frequency of 2000 cps
than at a test frequemcy of 1500 cps.

Hood (1950) has resolved the conflict in a series of experinents
in which he observed the distribution of TTS with test frequency at
stimulus intensities of 60, 80 and 100 db. At 60 db. he obtained the

symmetrical TIS spectrum obtained by Caussd and Chavasse. At 80 db.

the higher frequencies shows TTS effects and at 100 db., the higher
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frequencies shov even'greater effects and the maximal TTS occurs at )
a frequency half an octafe above the stimulus frequency.

‘Agein we must conclﬁde that TTS exhibits a dual phenorenon. A4t
stimulus intensities less than the critical stimulus intensity, the
TTS distributes itself symmetrically about the stimulus frequency.

At intensities above the critical intensity, the TTS distributes itself
syrmetrically around a frequency a half an'octave above the stimulus
frecuency. The interrelationships of this effect with stimulus

duration have not been_investigated.
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CHAPTER 1V
co FRQI T=LPCRARY THRWSHOLD SHIFT,

The main experimentel paremeter in recovery from TTS is the
latency. The other-e:qae:'cimental parameters will of course affect the
rate or type of recovery; but recovery concerns itself primal__'ily with
the amount of TiS specifically observeble after given latent". tines.

During the past decade, there has been a great deal of
controversy over the temporal course of recovery fron TTS. Some
workers (see Hirsh and Ward, 1952, Hirsh and Bilger, 1955 and Jerger,
1956) have suggested that recovery from TTS is diphagic. However,
other workers (see Hood, 1950, Harris, 1953 and Epstein and Schubert,
1957) have disagreed with this suggestion and state that recovery is
simply monophasic. Typical "diphasic recovery" curves are showun in plate
1V vhich is reproduced from Hirsh and Ward, (op. cit., page 133} Typical
"monophasic ‘recovery" curves are shown in plate V which is reproduced
fron Hirsh and Ward (oﬁ. cit., page 135).

Hirsh and Ward carried out two scparate experiments into
recovery from TTS. In the first study, clicks varying in intensity in
3 db. steps were used to measure the pre-exposure and the post-exposure
thresholds. Using stimulus tones of 125 to 4000 c¢ps and stimulus
intensities of 120 db., they found that recovery was diphasic. Inspection
of plate 1V r?veals that the two phases in the recovery are :
| " (i) 4n initial rapid recovery of the threshold to normality,

near-norirality or super normality which is complete after

about one minute.

(11) Following the initiel recovery a further gredual

elevation of the threshold which lasts for a further

minute or thereabouts. This is followed by a further

gradugl recovery of the threshold to normality.

They introduced the term "bounce". This referred to the difference between
the lowest threshold value reached in the initisl phase of recovery

and the highest threshold value reached in the second phase of recovery.
They found that bounce was maximal at a stimulus freguency of 500

CpSe. Furthér'experiments with a 500 cps stimulus torne at stimulus
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intensities of 100, 110 and 120 db. and with stimulus durations of
1.5, 3vand 6 minutes, revealed that the amount of bounce increased as
the severity of the stimulus tone increased. This finding was later
confirmed by Hirsh and Burn in an unpﬁblished study (see Hirsh and
Bilger, op. cit.). Similar results were obtained when narrow bands of
noise were used as stimuli instead of pure tones.

In a second series of experiments Hirsh and Ward used the BékéSy
technique to measure the pre-exposure and the post-exposure thresholds.
They used vwhite noise and pﬁre tone stimuli and pure tones of 350 to
8000 cps _énd ten bands of noise covering the range 160 to 6600 cps in
250 mel bands as test sounds. The results showed that the amount of
bounce was greatest for test frequencies covering the range 1000 to
5000 cps. Within this range it was found to be maxiral at 4000 cps. In
the fingl experiment the effects of incrgased oxygen intake on recovery
were found to be slight and there was little evidence of any
facilitatory effects.

Work by Lierle and Reger (1954) indicated that the phenomenon
is related to éﬁe stimulus intensity. These workers did not study the
temporal course of recovery directly. However using a pure tone stimhlug
of 1000 cps at intensities of 20 and 80 db. they found that with a
stimulps duration of one minute, the threshold elevation at 20 db. was
0.28 db. hicher than the threshold elevation at 80 db. When the

 stimulus duration was inereased to 30 minutes the TTS was found to be
_greater at an 80 dp. stimulus intensity.
f Further information on the role of stimulus intensity in preducing
diphasic or monophasic recovery was provided by Hughes (1954) and Hirsh
and Bilger (op. cit.). Hughes used a stimulus frequency of 500 cps,
stimulus durations of one, two or three minutes and a variety of stimulus |
intensities. He used the Békésy,technique for measuring thresholds at
a variety of test frequencies and recorded post-exposure thresholds for
six to seven minutes after the cessation of the stimulus. He rather
confusingly defines "sensitiéation" as the amount of bounce. Hirsh and
Ward (op. cit.) previously used the term to refer to whether or not in
the first phase of recovery the threshold decreased below the value of

the pretexposure threshold. Since sensitizatioﬁ means an incrgase in
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sensitivity, it is felt that Hirsh and Ward's use of the term is more
logical and it will be used in this context throughout this thesis.
Hughes claimed that whenever diphasic recovery was present, 'so was
sensitization and he justified his use of the term on these grounds.

This suggestion is not borne out by later work of Hughes and Rosenblith
(1957). They used clicks to measure the first neural response of the
ear and then used this to study TTS effects in cats. They found that
in certain cases, depending upon the stimulus conditions, their cats
were consistant in showing sensitization but hot diphasic recovery.

Hughes found that no bounce occured with stimulus intensities of
less than 60 db. and that when bounce occured it was maximal at a stimulus
duration of three minutes. The former result was partially confirmed
by Palva (1958) who found that only 107 of recovery curves showed diphasic
recovery with a stinmlué intensity of 30 db. Hughes also found that bounce
was naxiral at a test frequency of 500 cps,i.e. at a frequency equal
to the stimulus frequency. This result does not directly contradiet the
results of Hirsh and Ward (op. cit.) who found bounce was maximal at 4000
cps since Hughes only used test frequencies of 100 to 1000 cps
vhereas Hirsh and Ward tested frequencies up to 8000 cps. It may be that
there are two maxima, one at 4000 eps and one at the stimulus frequency.
Hughes finaliy states that there are usually two intermediate peaks in
the initial recovery phase. However, the author feels that these resuits ‘
from variations in threshold produced by the Bekesy method (see page 45 ),'. '
particularly siﬁce the intermediate peaks reflect very small changes
in the thresheold. .

Hirsh and Bilger (1955) confirmed the relationship between
recovery and stimmlus intensity. Using a 1000 cps stimulus tone at
intensitles of 2C to 100 db. and with >stimn1us durations of 5 seconds to
four minutes, they found that whether recovery was measured at 1000 or
1400 cps, it was diphesic except with stimunlus durations of 15 seconds.

In the latter case recovery was monophasic at all intensities. They also
found that the second phase of recovery was prolonged as the stimulus
duration was increased. They did not confirm the existence of further

opeaks in the first phase of recovery.
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Contrary to the above results Hood (op.cit.), Harris (op.cit.)
and Epstein and Schubert (op.cit.) claim that recovery from TTS is mono-
phasic under all stimulus conditions. Hood used the Bekesy technique
to study a range of stimulus conditions in his comprehensive study of
"post-stimulatory fatigue". KNone of his individual or mean results
show any evidence for diphasic recovery and he makes no reference
to ‘it in his paper. However, Hood's results have been constructively
ceriticised by Hix;sh and Ward (op.cit.). The latter point out that
the construction of Hood's apparatus allowed the subjects to position
the subject-controlled attenuator by reference to its preceeding
positions. They state, concerning the absence of diphasic recovery,
that "this grounding produced by spatial organization might have precluded
the appearance of this temporal change."

Harris used stimnlus intensities of 120 to 140 db. and failed
to find any evidence for diphasic recovery using a Bekesy technique for
the threshold measurements. He maintained that the results of Hirsh and
Ward (op.cit.) were an artifact produced by tinnitus resulting from
over stimulation of the ear. It is difficult to reconcile this statement
with the fact that he used more seyerg exposure than Hirsh and Ward.
It would be expected that this artifact would be even more evident in
his results. Harris's results were not easily explained until Jerger
(op.cit.) showed that diphasic recovery is limited by an upper as
well as a lower stimulus intensity. Using a 3000 cps stimulus tone
with a stimulus duration of two minutes, he found that at a 95 db.
stimilus intensity there was a sudden increa.sé in the amount of bounce.
As the stimulus intensity was further increased, his results showed that
there was a gradual decrease in the amount of bounce until at 110 db.
it completely disappeared. Spieth and Trittipoe (1958a) have to some
extent confirmed Jerger's results. They show for other reasons curves
of recovery from TTS obtained under a variety of stimulus conditions,
using intensities ranging from 94 to 130 db. in 6 db. steps.
Careful inspection of these curves reveals that diphasic recovery only
occurs with stimulus intensities of less than 106 db. Hence, it would
appear that the negative results of Harris are associated with the fact

that he used stimulus intensities greater than those at which recovery
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from TTS is diphasic.

The negative results of Epstein end Schubert would also seem to
result from the use of an inappropriate stimulus. In experiments which
specifically set out amongst other things to investigate this problem,
they used a stimilus tone of 4000 cps at intensities renging from 70 to 10
db. with a stimulus duration of 3 minutes. Recovery was observed at test
frequencies ranging from 3000 to 8000 cps and they obtained no recovery
curves of the diphasic type. However, Hirsh and Ward (op. cit.) stated
that recovery with a 4000 cps stimulus was monophasic. It is
difficult to understand why they chose a 4000 cps stimmlus in view of
the earlier results of Hirsh and Ward and one would not expect their
results to show diphasic recovery.

| 411 the papers cleiming diphasic recovery from TTS noted that
there were widespread individuel differences in the manifestation
of the phenamenon. Lightfoot (1955) undertook an extensive study of
these inter-subject and intra-subject difference. He tested 24
subjects twice with four stimulus/test conditions and obtained 192
recordings of recovery from TTS. He found that 487 of these were
judged to be monophasic and 52% were judged to be diphasic. He sub-
divided the diphasic results by classifying them into three different
types. These were 3

(i) Those showing only one bounce.

(i1) Those shov:ing two or more bounces.

(ii1) l’hbse shouing a bounce higher than the initial

elevation in threshold.

He found that 54 results showed recovery of the first type, 30 results
showed recovery of the second t.ype, 7 cases showed recovery of the

third type and in 9 cases the judges could not agree on the classii‘ication.
With regard to intra-subject variability, he found that 68 out of 96

pairs of tracings involving the same stimulus/test conditions were
consistent, 24 out of 48 sets of four tracings involving the same

stinulus conditions were consistent, 13 out of 48 sets of four tracings
involving the same test donditions were consistent and 1 out of 24 sets

of 8 tracings involving all conditions was coneistent. Only one subject .
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was ccmpletely'consistent in Showing'diph&sic recovery in all of the
experimental sessions. .
| However, the impressidn gained'frum this study is that the
widespread individual variations in recévery are as much a quastion

of experimental technique as of real individual variability. Judgements
are notoriously unreliasble and the initial figures of 48% monophasic
and 527 diphasic seem to be "statistically” suspicious. A4nother
factor to be born in mind is that Lightfoot used the Békésy technigue
for measuring the threshold. We have already referred to the lack of
 knowledge of what this technique actually measures (see page 5).

The above suggestion is supported by the work of Hughes and Rosenblith
(op. eit.) who found with ecats that“tﬁs recovery of the neural response
from "adaptation” (TTS) consistently showed diphasic recovery or |
monophasic recovery under the appropriate stimulus conditions.
Furthermore, Lishtfoot's results are not confirmed by Thompson and
Gales (1961) who found that under the appropriate stimulus conditions,
®if an ear's mean curve shows "bounce” the individual eurve for each
stimulus type shows "bounce" alsofP
Recovery from ITS exhibits the typical dual nature of the

phenomenon. The differénces between monophasic ‘and diphasic recovery
seems to be & facet of the stimulus conditions. Low or extremely high
intensity stimuli give a monophasic recovery whereas stimuli of an
intermediate intqnsité giﬁe diphasic recovery. Stimuli of less than
4000 eps produce monophasic recovery, whereas stimuli of more than 4000
cps do not. The effect manifests iteelf most plainly at a test

frequency of 4000 cps.
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CHAPTER V.
LECHANISMS OF ITS.

Davis, Morgan, Hewkins, Galambos and Smith (1950) have
suggested that TTS effects are related to temporary demage to the organ
of Corti. Hood (1950) relates some of his findings to equilitration
and some to place and frequency theories of the action of the cochlea.
However, the first reelly systematic attempt to formulate a theory
regarding the mechanism of TTS came from Rosenblith (1950) in 1950.

He noted that TTS and masking are similar in that both produce 3

(i) "chifts in threshold.” |

(1i) "Changes in loudness.”

(11i) “Changes in Bitch.®

(iv) "Effects upon localization."

(v) 4 symmetrical spread of the effect with low intensity

stimulation, whereas high intensity stimulation produces

an asymnetrical spread of the effect.

Experiments were reported in which changes in potential were recorded

from the rownd window, the cochleer nucleus and the auditory cortex.

The changes were associated with both masking and TTS stimuli and were .
recorded with humen and animal subjects. Rosenblith concluded that,
"although it is clear that the two effects cannot be unrelated unless

we assume some strange discontinuities in the behaviour of the auditory
system, it would seem to be going unnecessarily far to identify even

the short-term after effects of an exposure stimulus as regidusl magking. "

Rosenblith's suggestion that TTS is nbt. entirely, if at all,
explicable in terms of residusl masking is supported by later experiments
‘of van Dishoek (1953). These experiments directly cbmpared TTS and
nasking effects for a 1000 cps stimulus. The distribution of these
results over given test ﬁones vere similer. Hovever, the amount of
TTS was much greater than fhe emount of threshold elevation produced
by masking. Miller (1958) has approached the problem in emother way
and meesured TTS for critical band stimulus tones producing equal
masking effects. On a residual masking theory of TTS cne would

expect that such stinuli would produce equal TTS effeets. - However,
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Miller found that this was not the case. A4 careful control experiment
showed that frequency differences within critical bands could not accoun
for this phenomenon.

The relationship between masking and recruitment suggests that the
masking phenomenon is associated with the organ of Corti (see Garner,
1947). Despite the dissimilarities between masking and TTS, this does
suggest that TTS may be an effect associated with the organ of Corti.
Hood (op.cit.) implicitly assumes this when he discusses the theorétical
importance of his results in terms of place and frequency thecries of
hearing. Huizing (1949) offered further evidence for this suggestion
when he reported that subjects suffering from recruitment show a greater
than normal susceptibility to TTS. Jerger (1955) has confirmed the
importance of the inner ear in mediating TTS effects by studying the
critical duration of a test tone. Miskolozy - Fodor (1953) has shown
that the critical duration of g test tone stimniung is decreased in cer-
tain thpes of perceptive deafness. Below this critical duration the
threshold alters as the test tone duratlion is decreased. Jerger measured
thresholds at 4000 cps after stimulation by thermal noise and found that
the critical duration was decreased in a similar manner to Migkolozy-
Fodor's results. Since perceptive deafness is an inner ear phenomenon,
we can assume that Jerger's results localize TTS in the inner eér.

Organ of Corti localization has been confirmed by Hallpike and
Hood (1951). These workers used a binaural balsnce technique to measure
the effect of TTS on the loudness of pure tones. They compared the
development of changes in loudness as the stimulus duration was increased
with sensory adaptation as it occurs in the stretch receptors of the
muscle (see Mathews, 1939). They found a very close agreement between
the two sets of results. In further experiments they directly compared
ITS effects and recruitment and found them to show similar loudness -
duration relationships. Hence they concluded that TTS is associated with
sub-normal functioning of the organ of Carti. More direct evidence of
the role of the organ of Corti of TTS effects is to be found in studies
utilizing direct recording of the cochlear microphonic. Unfortunately,

the only direct study of this nature is by Hughes and Rosenblith (1957).
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These workers have shown that recovery of the cochlear microphonic
exhibits many similarities to recovery from TIS.

Gardner (1947) has suggested a possible theory explaining the
role of the cochlea in producing TTS. He suggests that TTS is mediated
by means of "fatigue patterns" developing on the basilar membrane and/or
the organ of Corti. He suggests that upon the termination of the
stimulus tone, the fatigue pattern remains but gradually decreases in
spread as the latent time increases. 4n applied test tone will be
responded or not responded to, depending upon its own deformation of the
membrane and the relationship of its own pattern to the fatigue pattern.

Koide, Yoshida, Konno, Nakano, Yoshikswa, Nagaba and Morimoto
(1960) followed up the work of Wever, Lawrence, Hemphill and Straut (1949)
and Gulick (1958) on the production of temporary and permanent increases
in the threshold of the cochlear microphonic by oxygen deprivation. The
validity of equating temporary and permanent losses 1s supported by the
work of Gravendeel and Plomp (1959 and 1961) who in case of permanent
losses induced by continuous noise found that "the permanent dip arisses
from the temporary dip by incomplete but symmetrical‘recovery." In the
case of losses induced by intermittent noise they suggest that probably
"the permanent dip arises from the temporary dip by incomplete asymmetrical
recovery." However, the slight uncertainty of the latter statement is
irrelevent since Koide et al. used continuous noises. They found
that "sound stimumlation and oxygen deprivation have similar effects",
that is "decreasing the oxygen tension in the inn;r ear or altering the
conditions of the inner ear blood vessels." After studying these changes
and relating them to histological findings, they forgulated a "physico-
chemical™ theory of the onset of acoustic trauma. It was also suggested
that the same theory could be used to explain TTS effects. The theory
suggests that the metabolic activity of the imner ear is affected at
progressive levels. These levels depend on the amount of oxygen tension
resulting from sound, but not from shock waves. Further study indicated
that these changes were associated with "morphological changes of the
mitochondrial structure of the apex" and suggested that oxygen tension

was at least a "subordinate factor" in producing this effect. This theory
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seems to be important in providing a basic account of how TTS occurs
at a cellular level; but unfortunately it throws little light on
the frequency, intensity and duration relationships of TIS. These
would seem to be aéSpcia.ted with higher levels of functioning, such as
the mode of deformation of the basiler membreame. However, it may be
that the work of Koide et al. will lead to a bilo-chemical theory of TIS
in terms of circnlétory changes in the ear.

The dual nature of TTS does not appear to ‘be borne out by the
experiments relating to its mechanisms. These experiments have usually
utilized severe stimulus conditions and very few of them have utilized a
stimulus intensity of less than 95 db. Consequently ths discrépa.ncy
may partly result from the lack of an adequate study of all of the
variables. However Rosenblith,(op. cit.), Hood (op. cit.) Hallpike
and Hood (op. cit.) and Hughes and Rosenblith (op. cit.) did use less
severe conditions and we should expect some indication of a dual
phenomenon from their work. The only experiments indicatlive of this are
those of Hughes and Rosenblith who found a two phase recovery in the
cochlear microphonje, This finding reveals why the dual nat'qre of TTS
does not reveal itself in experiments on its mechanisms. These
experiments have tended to treat the organ of Corti as a gross structure.
If both effects sre gsgociated with diffevent aspects of the functioning
of the orgap of Corii, then stimuli produeing either effect will produce
a gross cortical localization.

This suggestion is supported by Hood (1956). Hood suggests that the
"inflexion® in the curve of TTS against stimulus intensity at 85-100
db. "suggests a dividing line 'between two different kinds of end-organ
change # those that are physiological and reversible apd those that are
pathological and irreversible.” Similarly Hirsh and Bilger (1955)
have suggested that the two phases of recovery from TIS may possibly '
be explained in terms of the chemical excitability of receptor cells
ahd the excitability of nerve fibres. They do not localize these
effects but it is qﬁite probable that both aspects of such a process

could be localized in the orgen of Corti.
“We can conclude from work on the mechanisms of TS that the effect



41,
is localized in the organ of Corti. However, TTS is not residusl masking.
It mgy be mediated by “"fatigue patterhs“ remaining after the cessation
of stimnlation. These expefiments do not reveal a dual TTS effect,
but this is probably because of the tendency to treat‘therorgan of Corti
as a unitary whole. Diphasic recovery reveals itself in the cochlear
nierophonic. It is possible that the dual TTS effects are associated

with physiological or pathological changes respectively.
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CHAPTER VI
The Be’ke’sy nethod- of threshold measuremeﬁt was introé.uced
by Bekdey (1947), although Oldfield (1949 and 1955) claims to bave
invented it independently. It was novel in that it took away to some
extent the experimenter's control of the indépendent variables of test
intensity and test duration and placed these veriebles under the control
of the subject. The method allows the subject to increase or decrease
the intensity of a sound by pressing or releasing a push button which
controls the drive mechanism of en autonmatic recording attenuator. Thus
he oscillates between just hearing and just not heering a tone and
consequently he varies the intensity of the tone around his threshold.
The most important advantage of the methed is the speed with which
thresholds can be measured. The method can also f_l.ncorpora‘oe en sutomatie
frequency control. Consequently thresholds over the yhole of the audible
freauency raenge can be nmessured and not just thresholds at the conventional
audicmetric test frequencies (125 to 8060 cps in half octave interva;l.s);
Seversel papers have been subsequently published on the effects
of physical va.fi;a.bles, for exmmple varying attenuetion rates and the
use of pulsed or continuous tones, on threshold meesurements recorded
using the Bekesy technique. These will be discussed later. Unfortunately,
there have been no studies specifically designed to investigate the
physiological or psychological processes which underlie the method.
Because of this lack of information many studies utilizing the method
must be viewved with reserve until more information is available.
Epstein (1960) states that "there is no doubt that its potential as
« s+ .+ . . adiegnostic tool has yet to be fully explored." |
| Experiments studying the effects of physical variables on the
threshold recordings have tended to concentrate on changes in the size
of the excursions that the subject makes between responding, i.e.
hearing the tonme, and not responding, i.e. not hearing the tone.

/
Bekesy (op. cit.) indicates that excarsions of about 5 db. can be

considered to be normal. Lunborg (1952) and Reger (1952) using the

same attenuation rates as Be/ke/sy have respectively reported that
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excursions of 6-9 db. are normal. Lunborg also suggests that the
extreme limits of nornality lie between 5 and 20 db.

Epstein (op, cit.) has shown tkat the size of the excursions
also depends upon the rate of attenuation. He found that as the
attenuation rate increased, th9 size of the excursions also increased.
He states that "we measured ranges from 4-9 db., 5-17 db., 8-15 db. andv
10-30 db. for attenuation rates of 1, 2, 3 and 6 db." Corso (1955)
obtained similar results to Epstein's under more limited conditions,
i.e. attenuation rates of 0.5, 1.0 and 2.0 db. / second. Since wider
excursions are more prone to response errors, Coarso sﬁggests tha? an
attenuation rate of 0.5 db. / second is optimum. However, as Epstein
(op. cit.) points out, it is possible that the slower attenuation rates
produce more boredom. This is to some extent confirmed by the results
of Epstein (op. cit.) and Harbold and O'Connor (undated U.S. Navy
publication). These workers showed that faster attepuation rates
produce a lower mean threshold value. Corso (op.‘cit.) originally
disagréed with this suggestion and found that neither the attenuation
rate nor the period of testing affected the mean threshold value. In
a later paper (Corso, 1956) he revised his findings and obtained similar
results to Epstein's. 4 priori the phencmenon of response time would
seem to be an important consideration in deciding an optimum attenuation
rate. This is ignored by Epstein and Harbold and O'Connor. However,
1t would appear that the faster the attenuaticn rate the greater the
backlash, i.e. the more the subject runs over the point at which he
actually responds or does not respond to the tone. The response time
will be much greater than the simple reaction time to sounds, since the
subject has not only to react, but also he has to decide whether or not
| he hears the tone. If we essume for illustration that the response
tire is one second,.th;n at an attenuation rate of 1 db. / second the
width of the excursion will only increase by 2 db. because of this
factor. However, with a 6 db. attenuation rate the width of the
excursion will increase by 12 db.

One reason vhy the width of the excursions between responding and

not responding have been subject to such an intensive study is becemse of
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Béﬁéﬁy's (op. cit.) suggestion that they could be used clinically to
test for feéruitment. Békésy présentéd examples of very narrow excursions
obtained from patients suffering frOm.fecruitment-types of perceptive
deafness. However, Epstein (op. cit{)_has pointed out that there
definitely seemed to exist "narrow swingers" and "wide swingers.”
Although,these only represent the limits of normality,Epstein points ouﬁ'x
that judging from their excursions the narrow swingers would be |
classified as suffering from auditory impairment. |

'Békééf's suggestion that the size of the excursions is
indicativé of recruitment has been supported by Reger (op. cit.)
Lunborg (1953) and lMeurman (1954). However, Hirsh, Palva and Goodman
(1954), Palva (1954), Elliott, Riach and Silbiger (1962) have all
disagreed with this suggestion. Théy"suggest that the size of the
excursions is not indicative of recruitment, but it is simply a msasure
of the difference limen for intensity or of the variabllity of results
around the absolute threshold. Landes (1958) has to some extent resolved'_
the controversy. He found that if the excursiens were measured in
loudness units (phons) rather than intensity units (decibels), then the
excursions correlated more highly with recruitment as diegnosed by
normal clinical tests. However, he noted that "notwithstanding the
significant differences in group means it proved particularly difficult
to assign individual subjects to the normal or recruiting groups on
the basis of measursments from standard automatic audiometry."l

A consideration of date from other studies seems finally to
resolve the controversy. Although recruitment and the difference limen
for intensity are closely related (see Hirsh, 1952, chapter 8), Hiresh,
Palva and Goodmen (op. cit.) point out that recruitment is greater at
the lower speech frequencies, whereas the difference limen for
intensity is greater at the higher ﬁpeéch frequencies. Harbold and
0'Connor (op. cit.) have shown that as the test frequemcy is ircreased,
there is a trend to wider excursions as indicéted in the higher stenderd

deviations obtained. They conclude that since the width of the

1 Standerd automatic audiometry means using a db. rather than a

phon measure.
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excursions is greater at the higher frequencies, it probably does
measure recrultment and not the difference limen for intensity. The
above findings do not invalidate clinical tests such as those of
Luscher and Zwislocki (1948 and 1949) and Denes and Nawnton (1950).
Thesémﬁorkers utilize changes in the difference limen at g constant
Lreguency to measure recruitment. Hence, frequency relationships will
not interfere with any diagnostic findings.

Békééy andiometry seems to displey the normal phenomenon that
pulsed tones produce lower thresholds than continuous tones (see
unpublished results by Rosenblith and lfiller, reported in Hirsh, 1952,
page 102). Corso (1958) Jerger and Carhart (1958) have both confirmed
this result, using the Békééy technique. Harbold and O'Connor (op. cit.
disagreed with these results and found that pulsed tones resulted in
higher threshold values. However, these latter results can be
eritisized since they used an analysis of variance technique which
failed to correct for initial differences in the data arising from
other variables, such as the rate of attenuation and whether the
frequencies were measured in an ascending or in a descending order.

An importent phencmenon associated with the Bekesy technique
appears to have been completely ignored. Bé&ésy noted in his original
paper that when a subject traced his threshold continuously at one
frequency for.a fifteen minute period, then slow oscillatory changes
of the order of 5 db. occured in the threshold value. Epstein and
Schubert (1957) also refer to these changes. Similarly 0ldfield
(1955) has stated that the differential threshold for intensity “"shows
irregular fluctuations in time,” when méasured using the Békésy
technique. It would appear that in experiments on TIS, these might
seriously affect the results obtained. Hovever, all workers who have
used the teclmique whether in work on TTS or in stud&ing other phenomenz
have completely ignored this phenomenon. This may be because it .does
not occur with the shorter periods of testing. However, no published
information confirms this. Consequently a series of lengthy control
experiments was undertsken as a preliminary to the present study.
These were designed to study these slow oscillatory threshold changes.



46,

Despite the conpafativély recent introduction of the Bé&é%y
method, we can conciudé'fha£ its usefulness is no longer questioned.
However, at present we have only a limited amount of informetion about
ths effect of the various experimental paraneters on thresholds recorded
using the technique. It seems probable that the width of the excursions
‘between responding and not responding to the tone measure recruitment,
but the evidence for this is