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A parametric study of the reduction of threshold shift~toughening phenomena! that takes place
during the course of an interrupted noise exposure is described. 266 chinchillas randomly assigned
to one of 32 experimental groups were exposed to one of the following: a 400-Hz narrow-band
impact noise having a center frequency of 0.5, 1.0, 2.0, 4.0, or 8.0 kHz and peak sound-pressure
levels of 109, 115, 121, or 127 dB. The impacts were presented for 5 d, 24 h/d or for 20 d, 6 h/d.
Corresponding pairs of exposures had equal energy. Group mean noise effects were estimated from
pure-tone thresholds obtained from inferior colliculus evoked potentials and from surface
preparation histology. The threshold shift~TS! toughening phenomena is shown to occur in
response to all stimuli that produce a TS and at all audiometric test frequencies. The amount of
toughening, which is limited to less than 35 dB, varies with noise frequency and intensity. Based on
group mean data the auditory system is not protected from the permanent effects of an interrupted
noise exposure as a result of the toughening effect but rather differences in permanent effects
between the 5- and 20-d exposures are attributed to the spreading of the exposure energy over an
extended period of time. ©1998 Acoustical Society of America.@S0001-4966~98!06206-7#

PACS numbers: 43.64.Wn, 43.66.Ed, 43.50.Pn@RDF#

INTRODUCTION

The ISO-1999~1990! document, relating levels of noise
exposure to an estimated noise-induced hearing loss~NIHL !
in the exposed population, uses an energy metric to organize
the exposure data and an age correction~dB! that, when sub-
tracted from hearing thresholds, yields NIHL. The energy
approach to the standards document has been questioned by
Bies and Hansen~1990! who showed that an alternate for-
mulation is consistent with the demographic data base and by
Kraak ~1981! whose approach is consistent with that of Bies
and Hansen. Similarly, there are many examples in the lit-
erature that demonstrate, on the basis of experimental evi-
dence, the limitations of an energy metric~Lei et al., 1994!.
The ISO approach to an age correction has also been ques-
tioned on methodological grounds by Bies and Hansen
~1990! and by Humes and Jesteadt~1991! and most recently
on experimental grounds by Millset al. ~1997!. The ap-
proach to the interaction between noise and other threshold-
elevating variables~e.g., age! suggested by Humes and Jest-
eadt is conceptually consistent with the approach of Bies and
Hansen.

Experiments involving noise exposure paradigms that
modulate postexposure threshold shifts~TS! ~temporary or
permanent! further question the suitability of an energy met-
ric for noise exposure standards. One class of such experi-
ments is typified by the exposure paradigms used by Canlon
et al. ~1988! and are referred to as ‘‘conditioning’’ or ‘‘prim-
ing’’ experiments. In this paradigm a continuous low-level
noise, that produces little or no TS, is used to alter the sus-
ceptibility of the cochlea~i.e., usually to reduce its suscepti-
bility to noise or to ‘‘toughen’’ it! prior to further experimen-

tal noise treatment. A second class of TS-modulating
experiments is typified by the interrupted exposure para-
digms used by, for example, Clarket al. ~1987!, Subrama-
niamet al. ~1991a!, and Hamerniket al. ~1994!. In this para-
digm, a noise of sufficient intensity, presented to an
experimental animal on a daily repeated cycle, produces a
TS following the first day of exposure. Threshold shifts mea-
sured on subsequent days of the exposure sequence have
been shown to decrease relative to the initial TS. This reduc-
tion of TS, despite a continuing daily exposure regime, has
been called a cochlear toughening effect and the exposures
referred to as ‘‘toughening’’ exposures.

A fundamental issue that appears throughout the tough-
ening literature is the extent, if any, of the protection from
permanent noise-induced changes afforded to the auditory
system by the toughening phenomena as a result of an inter-
rupted noise exposure. This issue has at least two different
but related facets:~1! Does a population exposed to an inter-
rupted noise that produces toughening develop less or more
permanent threshold shift~PTS! than a matched population
exposed to an uninterrupted noise of the same total energy?
That is, is the ear that is being gradually toughened by a
noise protected from that noise? In the absence of any tough-
ening effects the interrupted paradigm would generally be
expected to produce less permanent auditory system changes
than the equivalent uninterrupted exposure~Ward, 1991!. ~2!
Is the cochlea, toughened by an interrupted noise exposure
and subsequently exposed to a more traumatic noise, affected
less by the traumatic noise than an untoughened cochlea?

This latter question is addressed in a number of papers
where the answer is arguably equivocal. The earliest refer-
ence to the issue of just such a protective effect can be found
in the Miller et al. ~1963! paper in which the noise-
toughened cat cochlea was shown to be affected by a high-a!Electronic mail: HamernRP@SPLAVA.CC.PLATTSBURGH.EDU
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level noise to the same extent as the untoughened cochlea.
More recently, Subramaniamet al. ~1993! showed that, un-
der some conditions, the cochlea toughened by a low-
frequency, interrupted noise did not provide any protection
from a subsequent high-frequency@4-kHz octave band noise
~OBN!# exposure, instead the 4-kHz exposure produced an
exacerbation of both PTS and outer hair cell~OHC! loss.
However, protection from a low-frequency noise exposure
was reported by, for example, Campoet al. ~1991! and Mc-
Faddenet al. ~1997!. A confounding factor in both of these
papers was that when statistically less PTS was found in the
toughened ears there was no protective effect on the OHC
population as measured by conventional cochleograms. With
this inconsistency the standard ‘‘escape clause,’’ that more
subtle sensory cell damage must be present that is not seen in
the light microscopic analysis, is invoked. The effect of an
impact noise exposure on the noise-toughened cochlea was
explored by Robertoet al. ~1996! and by Henselmanet al.
~1994!. In the former paper, the protective effects, if any,
were inconsistent, while in the latter very large protective
effects were observed in both the PTS and sensory cell data.
The McFaddenet al. ~1997! paper presents a good overview
of most of the literature on this topic.

Since one might expect that the underlying mechanisms
of these two classes of TS-modulating experiments~i.e.,
priming and toughening! have some processes in common,
the effects produced by each should mutually interact. The
extent of the interaction, however, has not been sufficiently
studied. The efforts of Robertoet al. ~1996!, to first prime
the cochlea with a low-level noise followed by an interrupted
noise which was known to also toughen the cochlea, yielded
inconsistent results. Following a similar protocol, Dagli and
Canlon~1997!, using otoacoustic emissions metrics, showed
that a primed cochlea responds differently to an interrupted
noise than does an unprimed cochlea.

The question of whether the cochlea that is gradually
being toughened by an interrupted noise is in fact being pro-
tected from that same noise has had only limited attention. In
the Clarket al. ~1987! paper the interrupted exposures that
produced a toughening also resulted in less hearing and sen-
sory cell loss than an equal energy control group. However,
the effect was small, the experimental conditions were lim-
ited, and the group sample sizes were small. Furthermore,
whether the reduced permanent effects were the result of a
toughened cochlea or just the moderating effect of the noise
interruption as is often seen following interrupted exposures
~e.g., Ward, 1991! that produce no toughening is not clear.
The toughening phenomena produced by an interrupted noise
exposure has also been shown to be manifested in physi-
ological data~single unit and whole nerve action potential
measures! ~Sinexet al., 1987; Boettcheret al., 1992!. How-
ever, the relation of the physiological data to the status of the
sensory epithelium is also not clear. Boettcheret al. ~1992!,
for example, show a continuing increase in OHC pathology
despite a nearly complete recovery of the AP thresholds thus
indicating that despite the recovered AP, the final condition
of the cochlea will be altered.

The modulation of TS during an interrupted noise expo-
sure is further complicated by the frequency and intensity

parameters of the stimulating noise and the audiometric test
frequency used to monitor the effects~Subramanianet al.,
1991a, b!. The mechanisms responsible for the toughening
phenomena are not known, however, the mechanical proper-
ties of the OHC system and the efferent systems have been
shown to play a role~Zhenget al., 1997!.

In the present paper, we present data from a parametric
experimental design involving 32 different exposure condi-
tions and 266 subjects. The presentation and discussion of
the group mean data address the following issues:~1! The
applicability of the equal energy concept to interrupted noise
exposures;~2! the relation among stimulus frequency, en-
ergy, audiometric test frequency, and the amount of tough-
ening; and~3! the extent of the protection from permanent
noise-induced changes afforded to the noise-toughened co-
chlea.

I. METHODS

Summary data from 135 chinchillas exposed to an unin-
terrupted, 5d, asymptotic threshold shift~ATS! producing
impact noise and 131 chinchillas exposed to an equivalent
energy, 20-d, interrupted impact noise are used to assesses
the three issues identified above. Brainstem~inferior collicu-
lus! auditory evoked potentials~AEP! collected from mon-
aural chinchillas were used to estimate pure-tone thresholds
and surface preparation histology was used to quantify sen-
sory cell populations. A narrow-band transient~impact!
noise, of varying intensity and center frequency~CF!, was
used to probe the extent of the toughening phenomena. De-
tails of the experimental methods, beyond those that are pre-
sented below, can be found in Ahroonet al. ~1993!.

A. Noise exposures

Thirty-two different noise exposures were used; 16 were
used to produce different ATS conditions and 16 similar ex-
posures, having equal energy but presented on a 20d inter-
rupted schedule, were used to induce toughening. The expo-
sures consisted of narrow-band impacts~NBI! 400-Hz wide,
having center frequencies of 0.5, 1.0, 2.0, 4.0, and 8.0 kHz.
The NBIs were presented at a rate of 1/s, 24 h/d for 5 d or 6
h/d for 20 d. Peak sound-pressure levels~SPLs! were 109,
115, 121, or 127 dB. All noise stimuli were generated digi-
tally using a virtual instrument developed using the Lab-
View™ software package. A fixed-length pulse was fed
through a 4th-order bandpass Butterworth filter. The result-
ing waveform was played though the computer’s sound out-
put and fed to an AB International Precedent Series 900A
amplifier. The output of the amplifier was fed to either a JBL
model 2445J speaker with model 2360H horn and model
2360T transition piece~1-, 2-, and 4-kHz CF impacts!;
Electro-Voice dual DH1Amt-16 transducers with MTA-22
transition piece and HP640 horn~8.0-kHz CF impacts!, or an
Electro-Voice TL550D speaker system~0.5-kHz CF im-
pacts!. Table I shows the experimental groups and the num-
ber of subjects in each group. Figure 1 shows the relative
spectrum and temporal waveform of each NBI at the 121-dB
peak SPL. Waveforms and spectra at other levels were quali-
tatively similar.
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During exposure, individual chinchillas were confined to
cages (10311316 in.) with free access to food and water. A
maximum of six animals was exposed at a time. Peak SPLs
in the exposure field were uniform to within less than 2 dB.

B. Threshold testing procedures

Thresholds for all audiograms were measured at octave
intervals from 0.5 to 16.0 kHz. The mean of three threshold
determinations measured on different days defined each ani-
mal’s pre-exposure audiogram. A complete audiogram was
measured once daily during each of the five exposure days of
the ATS exposure paradigm and the average daily TS estab-
lished the mean ATS levels. For the 20-d interrupted expo-
sure paradigm a complete audiogram was measured prior to
and immediately following each daily 6 h exposure in order
to establish the magnitude and time course of the toughen-
ing. The amount of toughening at each audiometric test fre-
quency was defined as the difference between the TS mea-
sured at a given frequency following the first day exposure
(TS1) and the mean of the thresholds measured following
exposure on days 16, 18, and 20 (TS16–20). Following a 30-d
postexposure recovery period thresholds for both sets of ani-
mals were measured again on different days and averaged for
each animal to establish PTS. PTS was defined as the differ-
ence between the 30-d post- and pre-exposure audiograms.

C. Histology

Following the last AEP test protocol, each animal was
euthanized under anesthesia and the right auditory bulla re-
moved and opened to gain access to the cochlea for perfu-
sion. Fixation solution consisting of 2.5% glutaraldehyde in
veronal acetate buffer~final pH57.3, 605 mOs! was per-
fused through the cochlea. After 12 h of fixation the cochlea
was postfixed in 1% OsO4 in veronal acetate buffer. Surface
preparation mounts of the entire organ of Corti were pre-
pared and inner and outer hair cell~IHC, OHC! populations
were plotted as a function of frequency and location using
the frequency-place map of Eldredgeet al. ~1981!. For pur-
poses of this presentation, sensory cell population data is
presented as group averages taken over octave band lengths
of the cochlea centered on the primary AEP test frequencies.

II. RESULTS AND DISCUSSION

A. Pre-exposure thresholds

The group mean pre-exposure thresholds are shown in
Fig. 2. The large open symbols connected by the solid line in
this figure represent the mean AEP thresholds of 924 non-
noise-exposed monaural chinchillas from our laboratory. The
dashed lines represent one standard deviation above and be-
low the mean thresholds. The 16 group means for subjects
exposed to the 5-d ATS or 20-d interrupted exposures are
indicated by small points in the upper and lower panels of
this figure, respectively. Only five of the 192 group means
(32 groups36 frequencies) differed from the laboratory
norm by more than one standard deviation and none ex-
ceeded two standard deviations from the mean. Since the
audiometric dependent variables used in this study are
threshold shifts~as opposed to shifted thresholds! the small
differences in group mean pre-exposure thresholds should
not affect the overall conclusions drawn from this data base.

B. Threshold shifts and sensory hair cell losses

The correspondence between the group mean TS gener-
ated during the 5- and 20-d exposure paradigms for all the
groups is shown in Fig. 3, where the group mean TS mea-
sured immediately following the first 6-h exposure (TS1) of
the interrupted paradigm is compared with the group mean
ATS produced by the corresponding, equivalent energy, un-
interrupted exposure for each of the NBIs at each AEP test
frequency.@In this and in some of the subsequent figures
standard error~SE! bars are indicated. When an SE bar is not

TABLE I. Experimental groups: number of animals in each group exposed to the narrow-band impacts~NBI!
for 5 or 20 d having the indicated center frequencies~CF! and peak sound-pressure levels~SPL!.

5-d exposures 20-d exposures
dB peak SPL dB peak SPL

NBI CF ~kHz! 109 115 121 127 109 115 121 127

0.5 ¯ 10 5 6 ¯ 9 9 6
1.0 10 9 9 10 9 9 9 9
2.0 ¯ 9 9 5 ¯ 9 9 6
4.0 ¯ 9 9 9 ¯ 9 9 8
8.0 9 9 8 ¯ 6 9 6 ¯

FIG. 1. The relative spectrum and waveform of each of the 400-Hz narrow-
band impact stimuli. Peak SPL for each waveform shown is 121 dB. Spectra
and waveforms for the other impact levels were qualitatively similar. The
ordinate of the time waveform is calibrated at 1 V5125 dB.
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present, the SE was less than or equal to the size of the
symbol representing the datum point.# The mean ATS is de-
fined as the average of the five TSs that were measured on
each of the five days of the uninterrupted exposure. As ex-
pected, TS1 is in general less than or equal to the ATS level.
That is, the mean ATS level sets the upper bound for TS1. At
a number of exposure conditions and AEP test frequencies
mean ATS and TS1 are equal, reflecting the observation of
Blakesleeet al. ~1978! that the ATS level can be reached
rapidly using high-level impact stimuli; often during the first
hour of exposure. Both sets of exposures produced TSs con-
sistent with stimulus parameters; group mean TS1 and ATS
increased with increasing stimulus energy and TSs occurred
at audiometric test frequencies appropriate to the impact cen-
ter frequency.

Figures 4, 7, and 8 provide some perspective on the
nature of the data base that was reduced in order to produce
the remaining figures. Figure 4~A! and ~B! show the group
mean TS at the 4.0- and 8.0-kHz AEP test frequency imme-
diately prior to~open symbols! and following ~closed sym-
bols! each of the 6-h exposures to the 1.0-kHz NBI at
127-dB peak SPL. Figure 4~C! and ~D! show a comparable
data set from the 4.0-kHz NBI at 121-dB peak SPL. Clearly
seen in these plots is the regular and generally systematic
decrease in TS~toughening! with increasing repetitions of
the 6-h exposure. In each panel the amount of toughening
@i.e., TSr5(TS12TS16–20)# is indicated, where TS16–20is the
mean TS measured following days 16, 18, and 20. Exposures
to the higher frequency impacts~i.e., the 4.0- and 8.0-kHz

NBIs!, produced a TS recovery~toughening! effect that took
place at a slower rate than it did for the lower frequency
NBIs. In fact, it appears that after 20 d, TS is still decreasing
for some exposure conditions. Thus in some limited number

FIG. 2. Group mean pre-exposure auditory evoked potential audiograms for
the 16 groups exposed to the 5-d uninterrupted noise~upper panel! and the
16 groups exposed to the 20-d interrupted noise~lower panel! compared
with the laboratory norm (n5924). The dashed lines indicate one standard
deviation above and below the laboratory norm. FIG. 3. The correspondence between the group mean threshold shift mea-

sured immediately following the first 6-h exposure (TS1) of the 20-d inter-
rupted exposure paradigm and the mean asymptotic threshold shift~ATS!
produced by the equivalent energy uninterrupted 5-d exposure. Each of the
six audiometric test frequencies is shown in a separate panel and symbols
identify each of the five narrow-band impact stimuli. Error bars represent
one standard error of the mean. If error bars are not present, the standard
error was less than the width of the symbol.

FIG. 4. Group mean threshold shifts measured immediately prior to and
following the 6-h exposures on the days indicated during the 20-d exposure.
Examples of data measured at the 4.0- and 8.0-kHz AEP test frequencies
from two different exposure conditions are shown. The amount of toughen-
ing, TSr , defined as TS12TS16–20 is indicated in each panel.
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of conditions our TSr may be underestimating the maximum
TSr that might be achieved with that particular stimulus if
the exposure was allowed to continue. Subramaniamet al.
~1991b! also indicate differences in the rate at which tough-
ening progresses but, unlike the present results, their results
using 0.5- and 4.0-kHz CF octave band Gaussian noise
stimuli indicate that the TS decline takes place more rapidly
for the high-frequency stimuli.

Figure 5 provides an estimate of the rate at which tough-
ening occurs at different AEP test frequencies as the NBI
stimulus frequency and intensity are varied. This figure plots
the slope of the daily postexposure TS, obtained from the
linear regression line on the group mean TS values over the
first 10 d of the interrupted exposure. Clear from this figure
is the generally reduced slopes, or slower development of
toughening, as the NBI stimulus frequency is increased or
peak NBI levels are decreased. Slope data for only the high
and low extremes of NBI peak SPL are shown. The slope
data at other intensities were generally intermediate to those
shown in Fig. 5. For the lowest intensity NBIs at some AEP
frequencies either there was no TS or no toughening effect
~i.e., a zero slope!. Interestingly, at some of the lowest inten-
sities there were some AEP frequencies that, rather than
showing toughening, showed a group mean growth of TS~a
positive slope! as the exposure was repeated. In most cases
for which this occurred the effect, while consistent over the
20-d exposure period, was small amounting to less than a
10-dB growth. The single exception is the group exposed to
the 115-dB peak SPL, 0.5-kHz NBI, which at the 8.0-kHz
AEP frequency, showed about a 20-dB growth in the group
mean TS. This is shown in Fig. 6 along with the group mean
TS function, measured at 2.0 kHz, that showed the typical
toughening effect. This result for the 8-kHz test frequency is
consistent with the findings of Sinexet al. ~1987! and Boet-
tcheret al. ~1992!. On the basis of the group mean data it is
clear that all AEP test frequencies that are affected by the
noise are not necessarily toughened by the noise. In indi-

vidual subjects such frequency-specific differences in TS dy-
namics during an interrupted exposure can be very dramatic
as seen in the inset of Fig. 6. The inset shows the TSr versus
TS1 data measured at the 8-kHz AEP frequency for all 131
chinchillas that received one of the interrupted exposures.
Data at the 8-kHz AEP test frequency were chosen for illus-
trative purposes since this was a frequency that was gener-
ally affected by all of the NBI stimuli. The data at the other
frequencies are similar. At any given value of TS1 there is
considerable variability in TSr . Interesting is the observation
that for TS1,20 dB a number of subjects show a growth of
TS ~i.e., a negative TSr!. Considerable variability in indi-
vidual responses was also reported by Hamerniket al.
~1994!. The daily pre-exposure TS generally followed a time
course during the 20-d exposure that was roughly parallel to
that of the daily postexposure TS.

Figure 7~a!, showing the group mean data from the
127-dB peak SPL, 1.0-kHz NBI exposures, compares the
ATS level at various AEP test frequencies with TS1, and
with TS16–20. Toughening, TSr , is seen to clearly exceed 30
dB at 8.0 kHz~i.e., the distance between the open and closed
circles!. In this example all audiometric frequencies have
been toughened 20 dB or more. Panel B of this figure shows
the mean PTS for these two equal energy groups. A two-way
analysis of variance with repeated measures on one factor
~frequency! indicated no differences in the levels of PTS
~main effect:F50.126, df51/17, interaction:F50.508, df
55/85!. Panel C presents the profile of the mean OHC loss
averaged over octave band lengths of the basilar membrane
which, as with the PTS, shows no statistical difference be-
tween the two groups~main effect:F50.518, df51/17; in-

FIG. 5. Slope of the regression line drawn through the group mean threshold
shifts measured following each of the 6-h exposures over the first 10-d of
the exposure sequence. Slopes are plotted against AEP test frequency. Each
panel presents data from one of the narrow-band impact~NBI! stimuli at the
highest and lowest peak SPL used for that NBI.

FIG. 6. Examples of group mean threshold shifts measured at the 2.0- and
8.0-kHz AEP test frequencies, prior to and following the daily 6-h exposures
to the indicated narrow-band impact~NBI! stimulus. Examples were chosen
to illustrate different threshold shift dynamics at different AEP frequencies
within a single group. The insert shows the individual animals (n5131) TSr

at the 8.0-kHz test frequency as a function of TS1 for all NBI interrupted
exposures. Error bars represent one standard error of the mean. If error bars
are not present, the standard error was less than the width of the symbol.
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teraction:F51.361, df57/119!. This pair of exposures pro-
duced high levels of TS, PTS, and considerable sensory cell
loss. Despite these severe noise-induced changes the tough-
ening phenomena was robust across a broad range of AEP
frequencies. In this case the toughened cochlea did not gain
any advantage~protection!.

A somewhat different set of results is seen in Fig. 8.
~These two sets of examples were chosen to illustrate the
different conclusions one can draw from a limited set of
experimental conditions.! Figure 8 shows a parallel set of
data for the pair of 121-dB peak SPL, 4.0-kHz NBI expo-
sures. The profile of TS1 and ATS is consistent with the level
and CF of the stimulus. For this exposure TS1 is less than the
level of ATS, by from 10 to 22 dB, across all test frequen-
cies, and a 15- to 20-dB toughening effect is seen between
4.0 and 16.0 kHz. A striking difference between the data in
Figs. 7 and 8 is seen in the PTS and OHC losses for the two
groups. The 4.0-kHz NBI interrupted exposure has produced
statistically significant less permanent change~PTS: F
58.991, df51/16, p,0.05; OHC: F54.935, df51/16, p

,0.05!. @The interactions of exposure group and frequency
were not statistically significant~PTS: F51.068, df55/80;
OHC: F51.372, df57/112!.# One might infer from the 10-
to 22-dB difference between ATS and TS1 that such differ-
ences in permanent effects might indeed turn out to be the
case. However, other groups having similar TS1 and ATS
differences show no such differences in PTS or OHC losses.
The results from the pair of groups shown in Fig. 8 are the
only set of results showing such relatively large and consis-
tent differences in permanent changes. The only other data in
the literature that is somewhat related to the experimental
conditions reflected in Fig. 8 are to be found in Subramaniam
et al. ~1992! where a 4.0-kHz OBN at 85 dB SPL was used
to toughen the cochlea in an interrupted exposure paradigm.
When the toughened subjects were exposed 5 d later to a
4.0-kHz OBN at 100 dB SPL for 48 h the toughened subjects
showed more PTS than, and about the same sensory cell loss
as, the controls. Since the opposite results were found for
low-frequency exposures~Campo et al., 1991! the differ-
ences were attributed to differences in the base–apex re-

FIG. 7. A comparison of group mean audiometric and histological data from
the 5-d and 20-d exposure to the indicated narrow-band impact stimuli.~A!
Mean asymptotic threshold shift~ATS!, the threshold shift immediately fol-
lowing the first 6-h exposure (TS1) and the mean of the threshold shifts
measured over days 16–20 (TS16–20 d) of the interrupted exposure measured
at each audiometric test frequency. Toughening is identified by the dB dif-
ference between the filled and open circles.~B! Permanent threshold shifts
~PTS! at each audiometric test frequency for the two groups.~C! Percent of
outer hair cell~OHC! loss over octave band lengths of the basilar membrane
centered on the audiometric test frequencies. Despite the toughening there is
no statistically significant differences in PTS or OHC loss between these
two groups. Error bars represent one standard error of the mean. If error bars
are not present, the standard error was less than the width of the symbol.

FIG. 8. A comparison of group mean audiometric and histological data from
the 5- and 20-d exposure to the indicated narrow-band impact stimuli.~A!
Mean asymptotic threshold shift~ATS!, the threshold shift immediately fol-
lowing the first 6-h exposure (TS1) and the mean of the threshold shifts
measured over days 16–20 (TS16–20 d) of the interrupted exposure measured
at each audiometric test frequency. Toughening is identified by the dB dif-
ference between the filled and open circles.~B! Permanent threshold shifts
~PTS! at each audiometric test frequency for the two groups.~C! Percent of
outer hair cell~OHC! loss over octave band lengths of the basilar membrane
centered on the audiometric test frequencies. There is a statistically signifi-
cant difference in the PTS and OHC loss between these two groups. Error
bars represent one standard error of the mean. If error bars are not present,
the standard error was less than the width of the symbol.
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sponses of the cochlea. However, using the same paradigm
but with only an 18-h recovery between the toughening and
the traumatic exposures, Subramaniamet al. ~1992! mea-
sured about 18 dB less PTS in the toughened cochleas. This
latter result is somewhat consistent with the singular results
shown in Fig. 8.

C. Effects of NBI frequency and intensity on TS r

For each experimental group, data such as that presented
in Figs. 7 and 8 have been reduced in an effort to extract
some of the basic trends from the large mass of available
data. The effects of exposure stimulus~NBI! frequency and
intensity on toughening at the various audiometric test fre-
quencies can be estimated from Fig. 9 where TSr is shown
plotted as a function of TS1 for each NBI with AEP test
frequency as a parameter or from Fig. 10 where TSr is shown
plotted as a function of TS1 for each AEP test frequency with
NBI CF as a parameter. Although NBI intensities are not
specifically coded in the symbols of Figs. 9 and 10, the effect
of NBI level is well ordered with respect to TS1 and should
pose no difficulty in interpretation. The following points can
be made from Figs. 9 and 10:

~1! Toughening is seen to be a general phenomena asso-
ciated with all the AEP test frequencies and can be evoked
by a broad spectral range of noise stimuli although much less
so as the NBI CF is increased. This might be expected con-
sidering the increasingly restricted spread of excitation on
the basilar membrane as NBI frequency is increased. Clark
et al. ~1987! have indicated that maximum TSr is to be found
a half-octave above the stimulating noise. Inspection of Fig.
9 or 10 indicates that AEP test frequencies as much as sev-
eral octaves above the frequency of the stimulating noise
may experience maximum or near maximum TSr .

~2! Generally, as the level of the noise stimulus in-
creases, TSr increases although there is the suggestion in
some of the intensity series and at some AEP test frequencies
that TSr begins to decrease for stimulus levels that produce a
TS1 greater than about 50 dB.

~3! For different NBIs that produce the same TS1 at a
given AEP test frequency a large difference in TSr can be
produced. Consider, for example, that both the 121-dB, 8.0-
kHz NBI and the 127-dB, 0.5-kHz NBI produce a 40-dB TS1

at 4.0 kHz. However, the former produces no TSr while the
latter produces a TSr of more than 25 dB.

FIG. 9. The relation between the group mean amount of toughening (TSr)
and threshold shift (TS1) measured immediately following the first 6-h in-
terrupted narrow-band impact~NBI! exposure for each NBI exposure with
audiometric~AEP! test frequency as a parameter. Error bars represent one
standard error of the mean. If error bars are not present, the standard error
was less than the width of the symbol.

FIG. 10. The relation between the group mean amount of toughening (TSr)
and threshold shift (TS1) measured immediately following the first 6-h in-
terrupted narrow-band impact~NBI! exposure for each audiometric~AEP!
test frequency with NBI center frequency~NBI CF! as a parameter. Error
bars represent one standard error of the mean. If error bars are not present,
the standard error was less than the width of the symbol.
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D. Evaluation of the equal energy/equal damage
concept

Since corresponding pairs of groups, from the inter-
rupted and uninterrupted exposure, received equal energy ex-

posures an evaluation of the equal energy principal was per-
formed. Figure 11~a!–~c! show the relation between the PTS,
OHC, and IHC for corresponding pairs of equal-energy ex-
posures~i.e., 5 versus 20 d!. Symbols reflect the narrow-band

FIG. 11. A comparison of group mean PTS~panel a! and OHC and IHC
loss ~panels b and c! from the 5- and 20-d exposure to the indicated NBI
impacts. Error bars represent one standard error of the mean. If error bars
are not present, the standard error was less than the width of the symbol.
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stimulus used and each panel gives either the PTS measured
at the indicated AEP test frequency or the sensory cell loss
within the indicated octave band length of the cochlea. The
frequency-distance translation was made using the data of
Eldredgeet al. ~1981!. From these figures there would ap-
pear to be very little and in many cases no difference in the
permanent effects elicited by corresponding pairs of equal
energy exposures. The data in Fig. 11 were replotted as
shown in Fig. 12 and subjected to statistical analyses.

Figure 12~A! shows the group mean PTS, measured at
each of the AEP test frequencies, for the groups exposed to
the 5-d, uninterrupted and 20-d, interrupted exposures. OHC
and IHC sensory cell loss data is similarly plotted either as
total cochlear losses in panel~B! or as frequency-specific
octave band losses in panels~C! and ~D!. Less PTS and
sensory cell loss produced by the interrupted noise exposures
should yield a linear regression line with a slope less than 1.0
describing points below the diagonal. The results of linear
regression analyses of each of these data sets are indicted in
the corresponding panels of Fig. 12. The analyses indicated
that the predictor and criterion variables were all highly cor-
related. Thus, as expected, the permanent effects produced
by corresponding pairs of equal energy exposures are highly

correlated with correlations ranging from 0.93~PTS! to 0.98
~total IHC loss!. An analysis of the regression line slope for
the comparison of PTS (b150.81) revealed a slope signifi-
cantly different fromb151 ~t525.559, df594, p,0.05!,
indicating that PTS in the 5-d exposure was generally greater
than for the 20-d exposures. The analyses of the slopes for
each of the four sensory cell loss variables were not statisti-
cally significantly different from the diagonal~%OHC: t
521.879, df5126; %IHC: t50.719, df5126; total OHC:
t521.258, df514; total IHC: t50.083, df514!. Thus the
20-d interrupted exposures resulted in slightly lower perma-
nent threshold shifts than the 5-d exposures, and no differ-
ence in the extent of sensory cell losses.

E. Is the toughened cochlea a protected cochlea?

Figure 13 summarizes the relation between TSr and any
protective effect induced by TSr , where protection is defined
in terms of PTS as the difference, at each audiometric test
frequency, between the PTS produced by the uninterrupted,
5-d exposure and that produced by the 20-d, equivalent en-
ergy interrupted exposure, that is,@PTS5 d2PTS20 d#. In
terms of sensory cell loss protection is similarly defined as

FIG. 12. A comparison of the group mean permanent audiometric and histological changes produced by each of the equal energy pairs of impact noise
exposures.~A! Relation between permanent threshold shifts produced by the 20-d interrupted exposures (PTS20 d) and that produced by the 5-d exposures
(PTS5 d). The symbols code for AEP test frequency.~B! The relations between total loss of outer and inner hair cells~OHC, IHC! for each of the
corresponding exposures.~C! The relation between the percent OHC loss estimated over octave band lengths of the basilar membrane at the indicated center
frequencies for corresponding pairs of exposures.~D! The relation between the percent IHC loss estimated over octave band lengths of the basilar membrane
at the indicated center frequencies for corresponding pairs of exposures. In each of the above plots the equation for the linear regression linef (x) and the
correlation coefficient (r ) are given.
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@%OHC5 d2%OHC20 d# computed across adjacent octave
band lengths of the basilar membrane centered on the AEP
test frequencies. The data points in this figure are derived
from Figs. 9 and 11. Plotted in this format, a protected co-
chlea as a result of toughening should result in data points
above the zero horizontal line. Analysis of these data using
linear regression shows that there is a very low correlation
between TSr and the metrics that we have used to define
protection. Neither correlation was statistically different
from zero. Furthermore, a statistical analysis of the PTS re-
gression shows that its slope is not significantly different
from zero ~t50.137, df594!, but that they intercept (b0

52.4 dB) is statistically different from zero~t52.543, df
594, p,0.05!. A parallel analysis of the percent OHC data
revealed that neither the slope~t520.357, df594! nor they
intercept~t50.262, df594! were significantly different from
zero.

A protective effect, as a consequence of an interrupted
noise exposure, is achieved by either~1! decreasing the sus-
ceptibility of the system to permanent noise-induced effects
~i.e., increasing the system’s resistance to noise; toughening!
or ~2! delivering a given amount of energy to the system over

an extended time course thus allowing recovery processes to
intervene during the quiet interludes. The data in Fig. 13
indicating no correlation between TSr and (PTS5 d2PTS20 d)
and (OHC5 d2OHC20 d) suggests that the operative mecha-
nism for any protective effect is that associated with the
spreading of energy over time rather than a toughening of the
cochlea. This conclusion is further strengthened by the high
correlations shown in Fig. 12. Thus an auditory system
toughened by noise is not necessarily a protected system.

III. CONCLUSIONS

The foregoing analysis of an extensive set of group
mean data from animals exposed to a variety of interrupted
noises has served to confirm and extend a number of the
results that have recently appeared in the literature on the
toughening phenomena. We have shown that toughening,
TSr , is a general cochlear phenomena that can be measured
at all audiometric test frequencies provided that a sufficient
TS1 is produced by the noise exposure stimulus. TSr gener-
ally increases with an increasing TS1 ~or equivalently with an
increasing exposure SPL!. There is, however, the suggestion
that for large values of TS1, the amount of toughening will
begin to decrease. The magnitude of TSr and the number of
audiometric frequencies showing a TSr is very dependent on
the frequency content of the noise stimulus, where lower
frequency stimuli are more effective in the production of
TSr .

Across the range of audiometric test frequencies, within
an exposure group, the TSr variable can take on both positive
and negative values indicating that while thresholds at some
audiometric test frequencies are getting better~being tough-
ened! others are getting worse as the exposure repeats.

Perhaps the most significant aspect of these results is
that, based on group mean data, there was no correlation
between the amount of toughening and the extent of the per-
manent noise-induced changes. However, relative to the
equal-energy control groups, the interrupted exposures pro-
duced slightly less PTS but no differences in sensory cell
losses. Taken together these results suggest that a toughened
cochlea is not necessarily a protected cochlea and that the
concept of equal energy-equal damage is overly conservative
for interrupted exposures that allow for recovery processes to
intervene between exposures cycles.

IV. ANIMAL USE

The care and use of the animals reported on in this study
were approved by the SUNY Plattsburgh Institutional Ani-
mal Care and Use Committee. In conducting the research
described in this report, the investigators adhered to the
Guide for Care and Use of Laboratory Animals, as promul-
gated by the Committee on Care and Use of Laboratory Ani-
mals of the Institute of Laboratory Resources Commission
on Life Sciences, National Academy of Sciences-National
Research Council, revised 1985.

FIG. 13. The protective effect of toughening on the auditory system as a
function of the amount of toughening (TSr). Protection in terms of audio-
metric variables is defined as the difference between the permanent thresh-
old shift produced by the 5-d exposure and the 20-d exposure
(PTS5 d2PTS20 d), and in terms of histological variables as the difference
between the outer hair cell loss produced by the 5- and 20-d exposures
(OHC5 d2OHC20 d). In each of the above plots the equation for the linear
regression linef (x) and the correlation coefficient (r ) are given.

3487 3487J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998 R. P. Hamernik and W. A. Ahroon: Interrupted noise exposures



ACKNOWLEDGMENTS

This work was supported by Grant No. 1-R01-OH02317
from the National Institute for Occupational Safety and
Health. The able technical assistance of George A. Turren-
tine, Laurel Mitchell, Derrick P. Arquiett, Brenda M. Jock,
and Ann Johnson is greatly appreciated.

Ahroon, W. A., Hamernik, R. P., and Davis, R. I.~1993!. ‘‘Complex noise
exposures: An energy analysis,’’ J. Acoust. Soc. Am.93, 997–1006.

Bies, D. A., and Hansen, C. H.~1990!. ‘‘An alternative mathematical de-
scription of the relationship between noise exposure and hearing loss,’’ J.
Acoust. Soc. Am.88, 2743–2754.

Blakeslee, E. A., Hynson, K., Hamernik, R. P., and Henderson, D.~1978!.
‘‘Asymptotic threshold shift in chinchillas exposed to impulse noise,’’ J.
Acoust. Soc. Am.63, 876–882.

Boettcher, F. A., Sponger, V. P., and Salvi, R. J.~1992!. ‘‘Physiological and
histological changes associated with the reduction in the threshold shift
during interrupted noise exposure,’’ Hearing Res.62, 217–236.

Campo, P., Subramaniam, M., and Henderson, D.~1991!. ‘‘The effect of
‘conditioning’ exposures on hearing loss from traumatic exposure,’’ Hear-
ing Res.55, 195–200.

Canlon, B., Borg, E., and Flock, A.~1988!. ‘‘Protection against noise
trauma by pre-exposure to a low level acoustics stimulus,’’ Hearing Res.
34, 197–200.

Clark, W. W., Bohne, B. A., and Boettcher, F. A.~1987!. ‘‘Effects of peri-
odic rest on hearing loss and cochlear damage following exposure to
noise,’’ J. Acoust. Soc. Am.82, 1253–1264.

Dagli, S., and Canlon, B.~1997!. ‘‘The effect of repeated daily noise expo-
sure on sound-conditioned and unconditioned guinea pigs,’’ Hearing Res.
104, 39–46.

Eldredge, D. H., Miller, J. D., and Bohne, B. A.~1981!. ‘‘A frequency-
position map for the chinchilla cochlea,’’ J. Acoust. Soc. Am.69, 1091–
1095.

Hamernik, R. P., Ahroon, W. A., Davis, R. I., and Lei, S. F.~1994!. ‘‘Hear-
ing threshold shifts from repeated 6-h daily exposure to impact noise,’’ J.
Acoust. Soc. Am.95, 444–453.

Henselman, L. W., Henderson, D., Subramaniam, M., and Sallustio, V.
~1994!. ‘‘The effect of ‘conditioning’ exposures on hearing loss from im-
pulse noise,’’ Hearing Res.78, 1–10.

Humes, L. E., and Jesteadt, W.~1991!. ‘‘Modeling the interactions between
noise exposure and other variables,’’ J. Acoust. Soc. Am.90, 182–188.

ISO-1999~1990!. ‘‘Acoustics: Determination of Occupational Noise Expo-
sure and Estimation of Noise-Induced Hearing Impairment’’~International
Organizaton for Standardization, Geneva!.

Kraak, W.~1981!. ‘‘Investigations on criteria for the risk of hearing loss due
to noise,’’ in Hearing Research and Theory Vol. 1, edited by J. V. Tobias
and E. D. Schubert~Academic, New York!, pp. 187–303.

Lei, S. F., Ahroon, W. A., and Hamernik, R. P.~1994!. ‘‘The application of
frequency and time domain kurtosis to the assessment of hazardous noise
exposures,’’ J. Acoust. Soc. Am.96, 1435–1444.

McFadden, S. L., Henderson, D., and Shen, Y. H.~1997!. ‘‘Low-frequency
‘conditioning’ provides long-term protection from noise-induced threshold
shifts in chinchillas,’’ Hearing Res.103, 142–150.

Miller, J. D., Watson, C. S., and Covell, W. P.~1963!. ‘‘Deafening effects of
noise on the cat,’’ Acta Oto-Laryngol. Suppl.176, 1–91.

Mills, J. H., Boettcher, F. A., and Dubno, J. R.~1997!. ‘‘Interaction of
noise-induced permanent threshold shift and age-related threshold shift,’’
J. Acoust. Soc. Am.101, 1681–1686.

Robert, M., Hamernik, R. P., Ahroon, W. A., and Case, C. J.~1996!. ‘‘The
effects of primed and interrupted impact noise exposures on hearing loss
in the chinchilla,’’ in Auditory System Plasticity and Regeneration, edited
by R. J. Salvi, D. Henderson, F. Fiorino, and V. Colletti~Thieme, New
York!, pp. 165–180.

Sinex, D. G., Clark, W. W., and Bohne, B. A.~1987!. ‘‘Effects of periodic
rest on physiological measures of auditory sensitivity following exposure
to noise,’’ J. Acoust. Soc. Am.82, 1265–1273.

Subramaniam, M., Campo, P., and Henderson, D.~1991a!. ‘‘The effect of
exposure level on the development of progressive resistance to noise,’’
Hearing Res.52, 181–188.

Subramaniam, M., Campo, P., and Henderson, D.~1991b!. ‘‘Development
of resistance to hearing loss from high frequency noise,’’ Hearing Res.56,
65–68.

Subramaniam, M., Henderson, D., Campo, P., and Spongr, V.~1992!. ‘‘The
effect of ‘conditioning’ on hearing loss from a high frequency traumatic
exposure,’’ Hearing Res.58, 57–62.

Subramaniam, M., Henderson, D., and Spongr, V.~1993!. ‘‘Effect of low-
frequency ‘conditioning’ on hearing loss from high-frequency exposure,’’
J. Acoust. Soc. Am.93, 952–956.

Ward, W. D. ~1991!. ‘‘The role of intermittence in PTS,’’ J. Acoust. Soc.
Am. 90, 164–169.

Zheng, X. Y., Henderson, D., McFadden, S. L., and Hu, B. H.~1997!. ‘‘The
role of the cochlear efferent system in acquired resistance to noise-induced
hearing loss,’’ Hearing Res.104, 191–203.

3488 3488J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998 R. P. Hamernik and W. A. Ahroon: Interrupted noise exposures



Interrupted noise exposures: Threshold shift dynamics and permanent effects
Roger P. Hamernik, and William A. Ahroon

Citation: The Journal of the Acoustical Society of America 103, 3478 (1998); doi: 10.1121/1.423056
View online: https://doi.org/10.1121/1.423056
View Table of Contents: https://asa.scitation.org/toc/jas/103/6
Published by the Acoustical Society of America

ARTICLES YOU MAY BE INTERESTED IN

The effect of numbers of noise events on people’s reactions to noise: An analysis of existing survey data
The Journal of the Acoustical Society of America 75, 447 (1984); https://doi.org/10.1121/1.390469

Human temporary threshold shift (TTS) and damage risk
The Journal of the Acoustical Society of America 90, 147 (1991); https://doi.org/10.1121/1.401308

Loudness, Its Definition, Measurement and Calculation
The Journal of the Acoustical Society of America 5, 82 (1933); https://doi.org/10.1121/1.1915637

Hazardous Exposure to Intermittent and Steady-State Noise
The Journal of the Acoustical Society of America 39, 451 (1966); https://doi.org/10.1121/1.1909912

https://asa.scitation.org/author/Hamernik%2C+Roger+P
https://asa.scitation.org/author/Ahroon%2C+William+A
/loi/jas
https://doi.org/10.1121/1.423056
https://asa.scitation.org/toc/jas/103/6
https://asa.scitation.org/publisher/
https://asa.scitation.org/doi/10.1121/1.390469
https://doi.org/10.1121/1.390469
https://asa.scitation.org/doi/10.1121/1.401308
https://doi.org/10.1121/1.401308
https://asa.scitation.org/doi/10.1121/1.1915637
https://doi.org/10.1121/1.1915637
https://asa.scitation.org/doi/10.1121/1.1909912
https://doi.org/10.1121/1.1909912

