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II;EPULSE NOISE INDUCED HEARING LOSS FROM SIMULATED WORK-WEEK EXPOSURES

INTRODUCTION
Hearing loss from industrial ﬁoise exposure is often a slow procesa
that grows over a period of many years. Ex post facto analysis of
industrial noise and the resultant hearing loss is difficult. One
complication is the uncertainty of reconstructing an individual's

act

b1y

history of’noise exposore. A second complication arisce frcm the
that symptoms that are similar to noise-induced, permanent, thresholid
shift (NIPTS) can also be caused by presbycusis, sociocacusis and oto-
toxic drugs. Laboratory studies of the human response to noise pro-
vide a better control over noise exposure variables; however, they are
usually restricted to short duratlon exposures (mlnutes to a few hours)
and are ethically limited to exposures that‘produce relatively low-
level, temporary, threshold shifts (TTS)f~‘Thua we are left with the
problem of trying to understand thehproeesées ﬁnderlying a serious
hearing problem, NIPTS, that developed over many years by usiﬁg experi—
ments that induce a minor hearing loss over a short period of time.

A possible solution to this problem is to stgoy the dyhamics of
NIPTS using animal models in a long-term noise exoosure lasting 2 to 10
da&s. One of the characteristics of such exposures is that thresholds
stabilize at an asymptotlc level. Asymptotlc threshold shift (ATS) is
an 1mportant phenomenon because for continuous noise the level of ATS
for a glven noise is quite predictable, the Varlablllty across subjects:
is small, and perhapa, most importantly, ATS for a given noise may also

be the upper limit of threshold shift that a subject would develop from

‘many years' exposureeto that noise (Carder and Miller, 1972; Mills,

1973).
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Prévious studies by Blakeslee et al (1978) indicate that impulse
noise produces a type of ATS. They exposed chinchillas to 3'113 a3
reverberant noise impulse l/sec for ten days. By 2 hours, most of
the animals had reached a stable level of threshoid shift of approxi-
mately 40 dB at & kHz that was maintained for the duration of exposure,
While impulse noise did produce ATS, the characteristics of the ATS
pattern differ from those of continuous noise ATS. The animals cunoecd
to impulse noise rcachedlasymptota in 1 toc 2 Tlours while eupocure
to continuous octave bands (80-96 dB ranée) produced an asymbtote in
12 to 24 hours. Also, impulée noise produced a surprisingly large PTS
(aﬁproximétely 20 dB @ ZlkHz) and large hair cell lesions considering
the relatively small ATS. »Nevertheless, the important result from this
stﬁdy is that all the animals reached an ATS.

While’the importance of ATS is not tqvbe o;erlooked, most iIndustrial
exposures are eight hours a day for five days a week. A recent study
by Saunders et al (1976) shares some of the temporal aspects of a 'work
week! exposure. They exposed chinchillzs to a 4 kHz octave band of
noise on an intermittent schedule for six hours a.day for nine days.
They found that aftér the firﬁt or second day the animals developed a
- consistent level‘of-TTS'and recovered to a consistent level during the
18 hour périod before the nextveﬁposure. Cdﬁsequently, the animals
were considered to be in a state of ATS; however, the level of ATS
was 8.5 dB lower than the»ATS that would have been produced by an
uninterrupted exposure forvnine days. |

Given that a form of ATS can be produced by daily 6 hour exposures
" and that impulse noise can also produce ATS, then it is reasonable to

ask what is the paftern of ATS produced by a work-week exposure of
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impulse noise, 8 hecurs a day for five days.:

METHOD

A. Subjects

Six adult chinchillas were used as subjects. All were made
‘monaural by surgical'déstrﬁction (Miller, 1970) of the left cochlea
under sodium pentobarbitai anesthesia (§0_mg/kgl I.P.). While under
anecthesia, chronic electrodes were placed in the skuils'of ;hosé oni-
wals (4) which were to be audiometrically tested using the averaged-
" evoked response (AER) technique. For those four animals, an incision
was made along a midline starting approximately 2 ¢m from the tip of
the snout and prcceediﬁg posteriorly 3.5 cm. ‘The periosteum was
retracted, exposing the skull and left bulla. A hole was drilled
inte the skull over the tentorium and a pldg with two stainless sﬁeel
electrodes (Plastic Products MS303) with‘eléctfode lengths of 3 mm
and 8 mm-was placed over the opening-allowingzthe electrodes to pro-
ject into the brain. Figure 1 shows a schematic of the chinchilla
skull and position of the bipolar electrode. A ‘second hole‘(approxi—
mately 0.5 cm diameter) was made on the dorsal s}@e of the left bulla.
Dental cement was placed in the bulla and then eéfended from the
bulla to the electrode plug and the area around the plug to firmly
attéch the ﬁlug to the skull., The skin was then sutured around the
piug and the animals ailowed to recover for several days. Wﬁile under
anesthesia, the right tympanic membrane of all-animéls was examined
ososcopically to insure the absence of otitis media.
B.-_Apparatus and Procedure

l1-- Behavioral Testing

Behavioral testing was based upon traditional shock-avoidance
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conditioning principlcs: The animal was placed im a festraining
device aﬁd was held in a standing position in the sound‘field_ The
chincﬁilla's reflexive tendency to jump when shocked on the tall nrs
ﬁtilized as the avoidance responce. Figure'Z shows the animal in

the restrainer which positioned the animal's head 9 inches above the
. grid floor and 25 inches directly belowrthe loudspeaker (Dynmaco A-25).
‘The responses of the animal were recorded by meanc of 'a microoiriteh
vwhich registered upward movement (approximatcly‘o.ﬁ”)-of the
restraining yoke. Shock wés‘délivered to the animal's shaved tail

by means of two disc electrodes taped to the tail with a séparation
of approximately 2 inches. Electrode paste was used under the elec-
trodes to insure good conduction to the skin. Electric‘shock was pro-
duced‘by a constant-current, 60 Hz shocke::at a level of 5 ma for

all animals and conditions. A safety-signal, %hich indicated success-
ful shock—avoidahce to the animal, Qas‘aIAQ-watt light mounted on the
wall of the sound booth facing the animal. The audiological test
environment consisted of a single—walledlsound booth (¥AC 400) with
3-inch foam (Soundfoam) on the floor. The sound field was calibrated
with a l-inch condenser microphone positiéned>(alenormal incidence)
~at a point approximating the center of the animal's head.

Tbé ﬁsychophysicalﬂmethod used in threshéld testing was a modified .
method of limits, similar to that used by Miller (1970). A test trial
consisted of a train of five tone-bursts‘(SOO.mseg on, 500 msec off,
‘5 méec rise-fall). At tﬁe‘onset'of the third tone burst, pulsed
shock was delivered to the tail (5 ma, 200.msec on, 200 msec off).

At the end of the fifth tone burst, the shock was terminated. ‘if the

animal responded during the first two tone bursts, it successfully
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avoided shock, the signalé were terminated and a“safety signal was
turned on for 20 sec. If the animal respended during the shock per-
iod,:the signals were terminated and it escaped further shéck. At
V eacﬁ frequency, testing commenced at a high intensity (approximatély
60-80 dB SPL) and after each successful avoidance, the intensity was
lowered by 20 dB. When the animal failed to avoid, therintensity was
raised by 10 dB., Threshold was defined as balf-way between'tle lowzst
intensity at which the animal avoidszd end Lhc highest intensivy ac
which it failed to avoid. The inter-trial interval (ITI) was randomly
varied between durations of 30-90 seconds. The shock was turned off
approximately 20 dB above the expected threshold. No secondary fein-
forcer, such as a buzzer, was use& and the animal was never intention-
ally shocked at or near threshold. The aniﬁal!was allowed one false
response'during each inter-trial interval. If:the animal responded
twice during the ITI, the a&tomate@ interval timer was shut off and
the experimentef waiﬁed until a period of 30 seéonds without responding
passed before iﬁitiating another trial. This insured a false response |
level of less than 6.7%. False :espdnse level is defined as the ratio
of the time intervélrfOr a possible'avoidance CZ{éeconds) over the
entire period in which'false‘reépbnses ¢can be made (30 seéonds, as a
minimum). ' . : .

Auditory'th:esholdé were measured at five frequencies: 0.5, 1,
2, 4, and 8 kH=z. Therbrder'in which these ffequencies were run each
day was randomiZed'and the initial signaf level at which testing com-
menced was varied. Ten measurements were made at each frequency, thus
ten days of testing were required. By the use of a unit attenuator
(0-9 dB inrlO'dB steps), the'attenuatibn Qalues used each day were

randomly incremented by 0-9 dB over the ten‘days of testing. This
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presumably moved the 10 dB threshold "window'" about the ''true”
threshold and was intended to provide a better estimate of threshold.
In the manner of Miller. (1970), when the chinchilia failed to respond
at a signal ievel wore than 20 ¢B above the estimated threshold (iﬁ,
the range where shock would be given), that trial was run again., The
results of the second run were always accepted. - Threéholds from the

hS

firet day of testing were not used. The ©

)

~sults of the Following tzn

[p]

days of tasting were averaged ;egardless of any pariicular threshold's

divefgen;e from the expected vaiﬁe. Figure 3 compares the median pre-

exposure thresholds of thé two behaviorally-tested subjects with those

published by Miller (1970).
2- AER Testing

: ‘ i _
Four monaural animals were tested using auditory-evoked

response measures (AER). The testing was done in a single-walled
acoustic chamber. The awake animal Qas placed in a‘restraining device
which insured éonstant distance and drientationrté the sound source.
Auditory signals éénsisted of 20 mséc sinusoidé (5 msec rise-fall,
10 msec plateaus) presented 2/sec. The evoked responsé was obtained
from the average.of 128 EEG samples, each of whigg was taken over a
100 msec period after the stimulus onsef. The AER that was recorded
from thelchin;hilla.is seen in Figure 4. The actual complex that was
used for threshold esﬁimatipn was the negative and the positive wave
at 15530'mse§,' The threshdld procedure involved the recording of a
series of AER tfaciﬁgs.Starting significantly aboﬁe the’animal‘s
threshold and descending in Slor 10-dB steps. The actual threshold

is defined as the midpoint between positive and negative response and

was based on the consensus of three independent judges. Pre-exposure
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thresholds were obtained‘at 0.25, 0.5, 1, 2, 4 and 8 kHz test
frequencies. The finalrpre—eﬁposure threshold was an éverage of three
separate threshold determinations on three consecutive days. Fig-

ure 3 compares the medien AER thyresholds with the behavioral»thresholds
of the other snimals in this experiment, as well zs the normative
values from Miller (1970).

3- Exposvre and TTS Measurements

After pro-oxposure tﬁfesholds were obtaincd, the aniﬁalx TS
exposed to a repetitive, reverberant iﬁpulse fbr 8 hours per déy, for
5 days.

The noise impulses~wefe produced by two automated, cam-driven,
brass hammers hitting a Steel plate. The impulses occurred at a rate‘
of 1/see and had a peak overpressﬁre of 113 dB. The B-duration or the
total time that the envelope of fhe présgﬁre fiuctuation is within |

¥

20 dB of the maximum peak ?ressure levei ﬁgs 160 msec. The calibra-
tion of sound level was performedibéfore aﬁd after each 5 day exposuré.
The pressure waveform and.spectral analysis are shown in Figure 5.
During the exposure, the aﬁimals were confined fo a5 x 8 x 6-inch,
wire—mésh cagé and were provided free access to water and hay. Since
the animals were free to move within the cage, the sound pressure at
the ear was 113 dB t 2 dB. This degree of adpustic variability was
tolerated because fixing ﬁhe animal in position for 5 days was
unacceptaEleh. | » _ | _

Thresholds were measured at 0.25, 0.5, 1, 2, 4, and 8 RHz one-
half hour before and one-half hour after each of the 5 eight-hour

éxposures. After the last exposure the recovery of threshold was

monitored for 5 successive days. Final hearing thresholds were



-obtained starting at 30 days posfcxposure‘and were either the
average of73 days of AER testing or 10 days of behavioral testing.
4- Histology . |
| When final threshclds had boen determined (50-70 days post-
exposure), the animals were sacrificed and their cochleas analyzed
using the flat preparation technique (Engstrim et ai, 1966). The

nd opencd

r

animals were decapitated and the right‘bull# was excised
to expose the cochlea. The cochlea was perfused through the round
window with a 2;5% gluteraldehyde solutibn‘in 0.1 M POA‘buffer (pH
of ?,3). The stapes was removed and additional fixative was per-
fused through the oval window for 5 minutes. The cochleas were left
in the fixative, refrigerated for at leaét 12 hours, then washed in
PO4 buffer and post—fiied‘iﬁ 17 OsO4 (iﬁ‘?04_buffer) for one—half_
hour. The cochleas were washed in buffer and dehydrated to 70% ETOH.
- The entire sensory epithelium was dissected from ﬁhe cochlea, mounted
in glycerine, ana_counts of hair cells present or absent were made
ﬁsing.a light microscope. Cochleagrams were plotted using average
hair cell pdpulationé over O.A‘mm segments. A.hair cell was counted
as. present if the cell body cuticular plate compfe; was intact.

!

RESULTS
A. Pre-exposure Thresholds
* The bfe-exéosure thresholds are shown in Figure 3. Miller's
(1970) normative threshold data are represented for thelchinchilla,'
when measured by avoidance procedures in a shuttle box. Except for
the lower thresholds at 4 kHz, there is quite good agregmént between
the shuttle Bbx and jump-stand donditioning procedure. The AER

(median of 4) thresholds are systematically higher than the
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behavioral thresholds by 5 to 18 dB. However, the AER-fesponse is
frimarily an "on'' response and proportional to the amplitude c¢f thea
signal. If tﬁe behavioral thresholds were obtained witﬁ short dura-
tion signalé (i.e., 20 msec), they would be elevated approximately
10-12 dB and the thresholds from the AER and behavioral measures
would overlap (Henderson et al, 1973).

B. TTS During Exposure Veek

Figure 6 shows the 1000 Hz thresholds for each chinchilla,

measured over the five days of exposure. All animals show a regular
oscillation of thresholds with a maximum threshold shift immediately
following removal froﬁ the noise and a minimum’threshold shift before
being reintroduced into the néise the next day. The two behavioral
animals fall Within the range of the four AER aniﬁals; the:eforé, the
two groups of animals have been collapsed for é better perspective on
the pattern of threshold shift. |

The median threshold shifts for test frequeﬁcies between.O.ZS'
and 8 kHz are presented in Eiguré 7. Aﬁ interesting frequency effect
can be seen in the_patterﬁ‘bf median threshold shifts across the five
days. The high frequencies (4, 8 kHz) are shift;a approximately 45 dB
and recover to‘approximaﬁely 13 dB above pre-exposure thréshold by
-16 hours after the eﬁposure; the low frequenc}es (0.58,. 1) are shiftéd
38 dB but only recover to 22 dB above pre-exposure thresholds. Thus
while the high-ftéquencies'are affected to a greater degree, they
recover more quickly. The envelope of threshold shift during the
five days fepresents\a,type'of ATSi Furthermore; the daily recovery
in threshold can be'chargctériéed by a plateau, i.e., the lower

envelope of the curve of Figure 7. Two days aftér the last exposure
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(presungbly, the beginning of the next work week) the median for el1
frequencies, except 2 kHz had returned to within 10 dB of pre-exposure )
values.

C. Permanent Effect

The final median audiograms are showm in Figure 8. The post-
exposure threéholds had returned to essentially pre-exposure level.
Two animals did, however have approximately 20 dB of threshold shifts
at 2 klz. The greates 't peranent audiological effect is at .2 ldle,

a region epproximately one-half octave above the peak of.the amplitude
spectrum (note Figure 5).

The cochleagrams for each animal varied from normal (2.animais)'
to110-40% losses (4 animals). Figure 9 shows the audiogram and
cochleagram from chinchilla #455 who had both the greatest hearing
loss and largest number of missing hair cells ~ The cochleagrams
deplct inner and outer hair cell 1oss as a function of the location
on the‘b351lar membrane. The frequency scales for the graphs showing
PTS at the 6 frequencies_tested have been aligned with the location
on the basilarrmembrane_using‘the cochlear-frequency map of Eldredge,
Mills and Bohne (1973). It should be pointed-outfthat there are two
independent ordinates, the ieft refets to cell loss and the right to
thresnoid shift;’however, there is no intentien of drawing a quanti-

tative relationship between these axes.

DISCUSSION
The envelope of threshold shifts can be thought of as a type. of
esymptotic threshold shift (ATS). All frequenciee are shifted by
approximately the seme amount by the end of the five day exposure as’

they were at the end of the first day's exposure, and there is no
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éumulative effect.‘ With two days' recovery there is still some
residual threshold shift. The actual degree of oscillation of
threshold presumably will be a function of the actual noise exposure
as well as the accustic environment during recovery.

In a previous study, Blakeslee et al (1978) exposed éhinchillas
to the same 113 dB impulse, but for ten succeésive days with brief-
interrupticns only for threshold testing. TFiguras 10 shows the patieorn
of threshold shift at 8 kHz for the "work week" exposﬁre compared to
- the uninterrupted 10 day exposure. The agreement‘betweeﬁ.the.two
types of ATS is very close. 1In facp,'the threshold shifts from the
uninter;upted impulse'ﬁoise exposure represents an upper boupd for
the work week exposures. | ‘
The_previousl& mentioned experiment by]éaunders et al reveals-a
- potentially iﬁporfant difference between impulse and continuous noise.
They exposed chinchillas to 72 dB of 2-4 kHz octave band continuous
noise for six hour blocks over nine days. 'Thislexposure producedlan
asymptotic level of threshold shift by the second or third déy. But
the actual level of the threshold shift is 8.5 dB less than what would

‘ , : P

have been produced by ekposure to the same band of noise continuously.
As Saunders et al discusséd, a 72 dB octave band of noisevtakes'12-24
hours to produée the claséic ATS paﬁtern. 'Cohsequently, the Saunders
et al animals in the_interrupted exposure paradigﬁ never had'an_
opportunity td.feaCh the asjmptotic lével‘aésociated with a 2-4 kHz
‘octave band of noise set éf 72 dB. ’However, as Blakeslee et al pointed
;out;bthe time constaﬁt fbfrimpulse noise ATS was.betweén 1 and 2‘ 
hours. Therefore, during each bf the.five days' exposure to impulse,

the animal had time to reacﬁ an asymétotic level of threshold shift.
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If, as Mills (1973) has suggestea, ATS is a prediction of eventual
PTS, then the thresholds at the end of a day's exposure to impulse
noise are more likely indicative of the ultimate hearing damage.
Conﬁersely, the thrgsholds after a day's exposura to centinuous
noise ére not at asymptote and are probably an underestimate of the .
ultimate hearing damage to be suffered over manj years.

There is 2 temptation to equate trvaumatic eifects of the "work
~week!" exposure of this experiment with the resﬁlts repovted by'
Blakeslee et al of the ten day exposure to the same impulse. As
Figuré 10 shows, the'level of ATS is ;emarkably close; however, when
the ‘cochleagrams are'éompared for the tw§ expdéures the 10 day exposure
is much more traumatic. The "work week" exposure produced negligible
PTS with only small hair cell loss in 2 ouﬁ of. 6 animals while the 10
day exposure produced severe basal lesions in 4rout of the 5 animals
and the median PTS was 20 dB in the 2-4 kHz region. This is not a
particularly surprising result. Bohne (1976) exposed chinchillas to one
of 5 levels of octave band noise centered at either 0.5 %Hz or 4.0 kHz
for 2 or 9 days. She found that despité the>fact that the threshold
shifts in each group reached an.asymptotic leveltﬁy the second day,
the nine day exposure produced significantly‘larger hair éell losses
‘within each noise group. An obvious conclusion is that one cannot
equate the séverity of two nolse exposures on the basis of the level

of ATS alone.
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Figure

Figure 2:

Figure

Figure

Figure

Figure

Figure

Figure

FIGURE LEGENDS

Skull of the chinchilla with the bipo]ér electrode in place.

View of a chinchilla being restrained by the jump-stand -
apparatus within the sound booth and showing: (a) microswitch
for detecting responses; (b) electrodes attached‘to tail with

tape; (c) suppert grid.

Comparison of median pre-exposure thresholds for the two
psychophysical techniques used in this study with those of
Miller (1970). : : S

Sahp]es of typical threshold determinations for 0.25, 2 and
8 kHz signals. Threshold is determined to be between a level

that manifests a Nl-Pl‘respcnse and a level that does not.
Atoustic'characteristics of the clacker impulse noise generator.

1000 Hz thresholds for each chinchilla measured over the 5

days of exposure.

Median threshold shifts for test frequencies between 0.25 and
8 kHz measured over the 5 days‘of exposure. 0.25 kHz resu]ts

based on AER data only.

Comparison of pre-exposure thresholds with final median audio-
gram measured at 30 days post-exposure. 0.25 kHz results based

on AER data only.
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Figure 9:

Figure 10:

Inner hair cell (IHC) and outer hair cell (OHC) loss and
permanent threshold shift (PTS) for the animal with the
greatest hearing loss and largest amount of missing hair

cells.

" Comparison of the median threshold shifts at 8 kHz measured -

over the 5 days of exposure with the-ATS Tevel produced by
uninterrupted exposure to the same impulse as reported by

Blakeslee, et al., 1978.
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