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Cochlear toughening, protection, and potentiation
of noise-induced trauma by non-Gaussian noise

Roger P. Hamernik,® Wei Qiu, and Bob Davis
Auditory Research Laboratory, State University of New York, 107 Beaumont Hall, Plattsburgh,
New York 12901

(Received 28 June 2002; revised 31 October 2002; accepted 4 Novembér 2002

An interrupted noise exposure of sufficient intensity, presented on a daily repeating cycle, produces
a threshold shiftTS) following the first day of exposure. TSs measured on subsequent days of the
exposure sequence have been shown to decrease relative to the initial TS. This reduction of TS,
despite the continuing daily exposure regime, has been called a cochlear toughening effect and the
exposures referred to as toughening exposures. Four groups of chinchillas were exposed to one of
four different noises presented on an interrupgi@di/day for 20 daysor noninterrupted24 h/day

for 5 dayg schedule. The exposures had equivalent total energy, an overall level of (QDSBL,

and approximately the same flat, broadband long-term spectrum. The noises differed primarily in
their temporal structures; two were Gaussian and two were non-Gausssian, nonstationary. Brainstem
auditory evoked potentials were used to estimate hearing thresholds and surface preparation
histology was used to determine sensory cell loss. The experimental results presented here show
that: (1) Exposures to interrupted high-level, non-Gaussian signals produce a toughening effect
comparable to that produced by an equivalent interrupted Gaussian @i$eughening, whether
produced by Gaussian or non-Gaussian noise, results in reduced trauma compared to the equivalent
uninterrupted noise, an@) that both continuous and interrupted non-Gaussian exposures produce
more trauma than do energy and spectrally equivalent Gaussian noises. Over the course of the
20-day exposure, the pattern of TS following each day’s exposure could exhibit a variety of
configurations. These results do not support the equal energy hypothesis as a unifying principal for
estimating the potential of a noise exposure to produce hearing 10s2008 Acoustical Society of
America. [DOI: 10.1121/1.1531981

PACS numbers: 43.66.Ed, 43.50.Pn, 43.50[QBV]

I. INTRODUCTION energy and spectrum, noise-induced trauma is a function of
the kurtosis statisti¢B), where kurtosis is defined as the ratio
The role of temporal variables in a noise exposure paraef the fourth-order central moment to the squared second-
digm has taken on a new level of interest sifag Miller  order central moment of the amplitude distribution. That is,
et al. (1963 and Clarket al. (1987 showed that threshold non-Gaussian continuous noise exposures are more traumatic
shifts (TS) following a noise exposure could be modulatedthan are Gaussian exposures having equivalent energy and
by a cyclic pattern of exposure arfd) the discovery of the spectra. The increased hazard increaseg axreasegLei
motor process associated with the outer hair @HC) sys- et al, 1994; Hamernik and Qiu, 2001 Temporal effects,
tem (see Brownell, 1990 for a reviewThe reduction in TS such as those described above, affect the applicability of cur-
following daily repeated exposures to the same noise hasent standards for predicting the hazard posed by excessive
been called toughening (kB That is, threshold shifts fol- noise exposures such as the ISO-19880, 1990 docu-
lowing each day’s exposure are reduced despite the continument. This standard incorporates an energy-based evaluation
ing exposure. Toughening, while dependent on the level andf an exposure. An energy metric is, however, insensitive to
spectrum of the stimulus Subramaniashal, 1991, has temporal factors.
been shown to occur as a result of interrupted exposures to  The experimental results presented here show (iat:
continuous octave bands of noi¢Boettcheret al, 1992; Exposures to interrupted high-level, non-Gaussian signals
Subramanianet al, 1992 as well as from broadband impact produce a toughening effect comparable to that produced by
noise exposures with peak SPLs over 125(HBmernik and an equivalent interrupted Gaussian noig®. Toughening,
Ahroon, 1998. The ability of the auditory system to produce whether produced by Gaussian or non-Gaussian noise, re-
a TS; seems to be dependent on an intact OHC system and &llts in reduced trauma compared to the equivalent uninter-
not affected by large inner hair cellHC) losses(Abroon  rupted noise, and3) both continuous and interrupted non-
and Hamernik, 2000; Hamernit al, 1998. Gaussian exposure produce more trauma than do energy and
Another demonstration of the effects that the temporaspectrally equivalent Gaussian noises.
variables of a noise exposure can have on the cochlea is
provided by experiments showing that for the same exposurd. METHODS

Thirty-six chinchillas(between 1- and 2-years oldiere
dElectronic mail: roger.hamernik@plattsburgh.edu used as subjects. Each animal was made monaural by the

J. Acoust. Soc. Am. 113 (2), February 2003 0001-4966/2003/113(2)/969/8/$19.00 © 2003 Acoustical Society of America 969



0 ! . ! L L TABLE I. Octave band SPIdB) averaged over eight 40-s samples of the
MWWWW\V\AM digitized waveform for the four exposure conditions.

o | Octave band cfkHz) G-5/20d NG-5d NG-20d

ke

3 207 = 5 i 0.50 89 86 85

® . 1.00 89 95 95

Py S o | 2.00 88 94 94

2 $ 4.00 91 96 97

L : , , i 8.00 99 93 92

an 0 5 i 10 15 I 16.00 98 93 92

Time (e} MeanLe, 103 1015 101.3
60 Mean Leq(A) 100 100 100
) 0 '2 "1 é |8 10 s.d. 0.04 0.65 0.77
Frequency (kHz)

FIG. 1. The average spectrum obtained from eight 40-s samples of th?\ Noise exposures
digitized noise waveform. The spectrum was approximately the same for ™ p

each of the four noise exposures. The inset shows a 15-s sample of the During the exposures the noise field was monitored with
pressure-time waveform of a non-Gaussian exposure. Peak SPLs and inter-

impact intervals were randomly varied. a Larson Davis 814 sound-level meter equipped with a 1/2-
in. microphone. The acoustic signal produced by the Electro-

\oice Xi-1152/94 speaker system was transduced by &IBru

surgical destruction, under anesthesia, of the left cochle : : ' o
During this procedure a bipolar electrode was implanted, una‘-g‘ Kjeer 1/2 inch microphonémodel 4134, amplified by a

der stereotaxic control, into the left inferior colliculus and Bruel & Kjeer (model 2619 measuring amplifier and fed to a

the electrode plug cemented to the skull for the recording of INDOWS PC-based analysis system. The design and digital

. ) _generation of the acoustic signal is detailed in Hsueh and
a}udltory evoked potential®AEP). The AEP was useq to es Hamernik(1990, 1991
timate pure-tone thresholds, and surface preparations of the . L N ,

During exposure, individual chinchillas were confined to

organ of Corti were used o estimate the IHC, OHC pODUIa_cages(loxllx 16 in.) with free access to food and water.

tions. Additional details of the experimental methods, be- . . . .

yond those presented below, may be found in Ahrebal. Peak SPLs of the impact transients in the non-Gaussian con

(1993 ' ditions were randomly varied between 115 and 129 dB. The
' impact had a probability of occurring in a 750-ms window of

0.6. The exposure field was uniform to within 2 dB. The four

) | | . .
0 groups of animals were exposed to one of the following ex-
N posure protocols:
o . . .
k=) 20 | Group G-5d(n=16) Continuous Gaussian noise, 24
E h/day for 5 days.
9 w0 ] Group G-20d (n=4) Interrupted Gaussian noise, 6
< < h/day for 20 days.
40T 2, i Group NG-5dn=12) Continuous non-Gaussian noise,
[ 2
o £ .0 oas i 24 h/day for 5 days.
- .. s . .
— (@) Group NG-20dn=4) Interrupted non-Gaussian noise,
-60 —T T T T 6 h/day for 20 days.
0 2 4 6 8 10 )
Frequency (kHz) Each exposure had in common the same flat spectrum
between 0.125 and 10.0 kHz shown in Fig. 1 and was pre-
0 1 . | | L 1
L P | L 1
o 50 —M— G-5d(n=16) Lab. Norms +/- 1SD -
=z n=924
— -20] o 0 —1— G-20d(n=4)
g ol 407 —@— NG-5d (n=12 i
3 n (n=12)
o M 30- —O— NG-20d(n=4) I
'-ué 40_ — E
3 T 204 -
o o
L
(b) 8 10 -
-60 T T T T " T " T T c
0 2 4 6 8 10 — 0 L
Frequency (kHz)
-10 T K rRr t T
FIG. 2. (a) The spectrum of one of the impacts that was used to create the 0.4 1.0 100 200
character of the non-Gaussian noise exposure. The insert shows an impa Frequency (kHZ)

waveform.(b) The spectra of the complementary Gaussian noise that was
mixed with the impact stimuli to form the non-Gaussian noise with kurtosisFIG. 3. The group preexposure AEP audiograms for each of the four experi-
B=33. mental groups compared to the laboratory ndsimaded area
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FIG. 4. (a) and(c) Group mean AEP threshold for the animals exposed tdgh&aussian noise 6-h/day for 20 days dndnon-Gaussian noise 6h/day for

20 days. Preexposure threshdld). 30-day postexposure threshdl@). The maximum threshold measured following exposure on day 1, 2,(@)3The

mean threshold measured following exposure on days 17 arilR@b) and(d) The group mean percent sensory cell loss in adjacent octave band lengths
of the basilar membrane for animals exposedjoGaussian noise 6h/day for 20 days ddiinon-Gaussian noise 6h/day for 20 days. Total mean IHC and
OHC losses and the standard erropsare indicated.

sented at an Leg-100 dBR). The exposures differed only in threshold determinations measured on different days defined
their temporal structure, which was designed to produce tweach animal’s pre- and 30-day postexposure audiogram. For
Gaussian and two non-Gaussian exposure conditions. Thhe 20-day interrupted exposures, a complete audiogtam
5-day continuous exposures produced an asymptotic thresB:0 kHz was measured following days 1, 2, 3, and 17
old shift (ATS) while the 20-day interrupted exposures pro-through 20. Between day 3 and 17 an audiogram was mea-
duced a variety of TS patterns during the 20-day course ofured every other day. Because of the instability of TS dis-
the exposure which resulted most often in a toughening efeussed in a later section, the amount of threshold shift recov-
fect, TS . The non-Gaussian conditions were designed in thery (TS;) at each audiometric test frequency was defined as
frequency domain as described by Hsueh and Hamernithe difference between the maximum TS measured at that
(1990, 1991 and were the result of inserting impacts, whosefrequency following days 1, 2, or 3 and the mean of the
spectra were complementary to the background Gaussighresholds measured following exposure on days 17 through
noise, into an otherwise Gaussian signal. The impact peaR0. TS, is a measure of toughening, i.e., the amount that TS
levels were randomly varied between the limits indicateddecreases during the 20-day interrupted exposure. A com-
above and the probability of an impact occurring in a 750-m9lete audiogram was measured once daily during each of the
window was set at 0.6. The inset in Fig. 1 shows a 15-$6 exposure days of the uninterrupted exposures and the av-
sample of the non-Gaussian, nonstationary waveform. Figurerage(in dB SPL) taken over the 5 days established the mean
2(a) shows one sample of the noise transients that produceasymptotic threshold levels and shifts.

the non-Gaussian signal along with its spectrum. Figubg 2

shows the spectrum of the Gaussian component of the non-

Gaussian signal. Table | presents the octave band levels & Histology

each noise exposure. Values shown are the mean values ob- Following the last AEP test protocol, each animal was

tained from eight 40-s samples of the digitized waveform. o thanized 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
AEP audiograms were measured at octave intervals frormeronal acetate buffeffinal pH=7.3) was perfused through
0.5 to 0.8 or 16.0 kHz. The meafin dB SPL) of three the cochlea. After 12 to 24 h of fixation the cochlea was

B. Threshold testing
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FIG. 5. (a) and(c) Group mean AEP thresholds for the animals exposed td¢ah€aussian noise 24-h/day for 5 days dnpinon-Gaussian noise 24h/day
for 5 days. Preexposure threshd@ld). 30-day postexposure threshgld). Asymptotic threshold leveld). (b) and(d) The group mean percent sensory cell
loss in adjacent octave band lengths of the basilar membrane for animals expgbgdstussian noise 24-h/day for 5 days ddid non-Gaussian noise
24-h/day for 5 days. Total mean IHC and OHC loss and the standard érrar® indicated.

postfixed in 1% Os@ in veronal acetate buffer. Surface !ll. RESULTS
preparation mounts of the entire organ of Corti were pre-  The initial group mean thresholds for each of the four
pared and IHC, OHC populations were plotted as a functiorgroups are shown in Fig. 3. In general, the group mean
of frequency and location using the frequency-place map ofhresholds fall within+ one standard deviation of laboratory
Eldredgeet al. (1981). Missing cells were identified by their norms. Statistical analyses indicates that there was no signifi-
characteristic phalangeal scars. For purposes of this presesant main effect of group, but there was a significant inter-
tation, sensory cell population data are presented as growxtion between group and frequency. The shaded region on
averagesin percent missingtaken over octave-band lengths the AEP audiograms in this figure represents the mean nor-
of the cochlea centered on the primary AEP test frequenciesnative AEP audiograni* one standard deviatipiased on
a population of 924 chinchillas. The bars on the data points
in this and all subsequent figures represent one standard error
of the mean. Where no bar is shown the standard error was
The dependent variables reported in this paper(&ye less than the size of the datum symbol.
AEP thresholds and threshold shifts, before, during, and fol-  AEP thresholds prior to, during, and 30 days after expo-
lowing noise exposufg) and (2) sensory cell losses com- sure to the GaussiaiG-20 d and non-GaussiafNG-20 d
puted over octave-band lengths and the cochlea. Compaiinterrupted exposures are shown in Fig. 4 along with the
sons of groups of animals receiving different treatments wereespective group mean cochleograms. Total OHC and IHC
accomplished by mixed model analyses of variance with relosses along with standard errors in parentheses are also
peated measured on at least one fadfoequency. The given. The “day 1-3” data points in Figs.(@ and(c) rep-
probability of a type | error was set at 0.05 for all analyses.resent the maximum AEP threshold measured following
Statistically significant main effects of frequency are ex-day 1, 2, or 3 of the 20-day interrupted exposures, while the
pected in most of the following analyses because of theéday 17/20" data points represent the mean thresholds
frequency-specific nature of the chinchilla audiogréfay, = measured following exposure on days 17 through 20. In both
1988. For this reason any main effects of frequency will notof these figures the vertical distance between pairs of solid
be repeatedly discussed in the following presentation of resymbols at a given frequency represents the amount of
sults. Analysis of variance summary tables may be obtainetbughening (T$) produced by the interrupted exposure at
from the authors. that frequency.

D. Statistical analysis

972  J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003 Hamernik et al.: Cochlear toughening and protection
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FIG. 6. (a) A comparison of the group mean PTS produced by the Gaussian noise 24-h/day for(Myaysl for 6-h/day for 20 day&]). (b) The group
mean percent OHC loss in adjacent octave band lengths along the basilar membrane for groups showrein (gaAetomparison of the group mean PTS
produced by the non-Gaussian noise 24-h/day for 5 ¢@ysand for 6-h/day for 20 day&D). (d) The group mean percent OHC loss in adjacent octave band
lengths along the basilar membrane for groups shown in gapelotal mean OHC loss for each group and the standard efroese indicated.

Toughening refers to the improvement in threshold despiteally significant difference in the PTS produced by the 5- and
the continuing exposure. Note that while the interrupted20-day Gaussian noise exposures, despite the approximately
non-Gaussian exposure produced greater TSs, the amount 8- to 20-dB TS (Fig. 4) found in the 20-day group. There
TSg (~15 to 20 dB in both groups were roughly the same. was, however, a statistically significant decrease in the total
Permanent effects from these two exposures, as quantified R well as the frequency-specific OHC Igpanel(b)] for the
PTS (the vertical distance between frequency-specific pairsnterrupted 20-day exposure. For the two non-Gaussian ex-
of open symbolsand IHC and OHC loss are also presented.posyres the interrupted 20-day exposure produced up to 35
Figure 5 shows a similar presentation of data from theyg |ess PTS than did the energy equivalent 5-day exposure
Gaussian and non-Gaussian continuous 5-day exposures. Theyhe| ()] and a large statistically significant reduction in
solid square symbols in panels) and (c) represent the e |ggg[panel(d)]. PTS varied from 10 te-35 dB in the
asymptotic threshold levels measured during the Cominuouﬁon-eaussian, 20-day interrupted group and from 2656

5-day exposures. ATS.c_an be_ estm_]ated in these two pane@ in the 5-day uninterrupted group. The profile of PTS also
by the frequency-specific vertical distance between pairs o

square symbols. At and below 4 kHz the ATS produced by?'ﬁerﬁ.d hcc;naderabl;: betyvee;]n tzhg_dtwo groupsN W|thhmuchh
the non-Gaussian exposuf@0 to 80 dB was significantly €ss high frequency 0SS In the ay group. .ote that the
greater than that produced by Gaussian expo&tfieto 80 OHC loss profile generally refllects the PTS profile for each
dB). The lack of a difference above 4 kHz is probably a©f the four groups shown in Fig. 6. .
reflection of the upper limit of our AEP test system. The PTS !N Fig. 7 the PTS and OHC loss for the 20-day Gaussian
and sensory cell loss data sets in Figs. 4 and 5 will be com@nd non-Gaussian exposures are compared in péaeisd
pared in the following several figures. (b). The non-Gaussian exposures produced statistically sig-

A comparison of the PTS produced by the Gaussian Stificant more PTSup to 26 dB and OHC loss than did the
and 20-day exposures and that produced by the two norgnergy equivalent Gaussian exposure. A similar comparison
Gaussian exposures is shown in Fig. 6 along with the resped? panels(c) and(d) between the Gaussian and non-Gaussian
tive group mean OHC losses. The PTS produced by the twb-day exposures also showed large statistically significant
Gaussian exposur¢ganel(a)] varied from 0 to~30 dB with  differences in PTSup to 35 dB and OHC loss between the
greater loss at the higher frequencies. There was no statistiwo energy equivalent exposures.

J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003 Hamernik et al.: Cochlear toughening and protection 973
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FIG. 7. (a) A comparison of the group mean PTS produced by the Gaussian noise 6-h/day for Z@yaysl the non-Gaussian noise 6-h/day for 20 days
(O). (b) The group mean percent OHC loss in adjacent octave band lengths along the basilar membrane for groups showa)in@ahebmparison of
the group mean PTS produced by the Gaussian noise 24-h/day for E@egsd the non-Gaussian noise 24-h/day for 5 d&ys (d) The group mean percent
OHC loss in adjacent octave band lengths along the basilar membrane for groups shown {ig)pan&l mean OHC loss for each group and the standard

errors( ) are indicated.

IV. DISCUSSION subjects had approximately the same levels of PTS and sen-
. . . r I ntrol ' X h me im

With the exception of the early work of Milleet al. Sory cellioss as co trol subjects exposed to the same pacts

dbut on an uninterrupted schedule. In our present study, Fig. 4

(1963, most interrupted exposures have used octave ban shows that both Gaussian and non-Gaussian exposures, hav-

of noise to study toughening effects and the potential for

: . ing the same energy and spectra, produce a clear 15- to
protection that toughening may produce for a subsequent e 0-dB TS, across the entire range of test frequendt
posure. While a number of studies have demonstrated pro- R ! 9 qu

tective effects when the subject is subsequently exposed tot(%rough 8.0 kHz. The threshold shlis,dhqwever, for the n_ohn-h
traumatic nois€e.g., Campeet al, 1991; Henselmaset al, aussian exposure were greater. And, in agreement with the

1994: McFadderet al, 1997 others have notMiller et al. above studies that showed a reduction in trauma, both of the
19631 White et al. 19’98' Subramanianet al, 1993. An: interrupted exposures showed reduced sensory cell loss. For

other protective effect that has received less attention is th4f'€ Non-Gaussian interrupted expos{N&-20 d there was
produced by the toughening effect on the interrupted nois&!SC @ largeup to 35 dB reduction in PTSFig. 6(c)] when

that produced the toughening. In this situation both thefompared with the uninterrupted exposure.

toughening effect and the recovery process that take place While the toughening effect is similar for both the
during the quiet periods are not easily separated, anhougﬁaussian and non-Gaussian exposures, the level of trauma
the latter influence would be expected to reduce traum&roduced by both the interrupted and uninterrupted non-
(Ward, 199). Clark et al. (1987) and Bohneet al. (1987  Gaussian exposures exceeds by a large amiigt 7) the
showed less PTS and hair cell loss in subjects toughened Byguma produced by the respective Gaussian exposures. This
an interrupted noise compared to a control group. Wardncreased trauma from the non-Gaussian exposures agrees
(1991) also showed that less trauma is produced bywith our earlier dataLei et al, 1994; Hamernik and Qiu,
interrupted/intermittent exposures compared to equivalen?001). The large differences in PTS and sensory cell loss
energy controls. His experimental paradigm did not allow forbetween the effects of Gaussian and non-Gaussian exposures
any estimate of TS. Hamernik and Ahroon(1998 used are likely related to the excessive stress/strain on the epithe-
high-level narrow-band impacts and a large sample size tbal tight cell junctions induced by the high-level impulsive
study the toughening phenomena. The impacts clearly prderces and the subsequent momentum changes that are pro-
duced a T). They showed, however, that the toughenedduced. Disrupting the integrity of the tight cell junctions with
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FIG. 8. Examples of an individual animal's TSs, measured at the indicated AEP test fre¢paneis(a)—(e)], during the course of the 20-day exposure. The
animal is #3148 from group G-20 d. The octave band percent IHC and OHC loss is shown irtffpanel

the entry to endolymph into the space below the reticulamlso show that the temporal structure, whether altered
lamina is known to increase the extent of cell IgB®ohne  through intermittence or through a non-Gaussian peak distri-
and Rabbitt, 19883 Also, the severe tearing of the organ of bution, can exert a strong effect on the outcome of an expo-
Corti seen with high-level impactdéHamerniket al., 1984 sure. Much of the variability seen in the human demographic
probably releases a variety of free radicals into the sensorglata (Mills et al, 1996 may be the result of a neglect of
cell environment as a consequence of the processes involvéemporal variables. The temporal variables of an exposure
in clearing the cellular debris. These highly reactive specieseed to be taken into account in the formulation of damage
are also known to have a detrimental effect on cochlear funcrisk criteria for noise exposure.
tion (Jaconoet al, 1998. In addition, the induction of apo- While most animals in the two interrupted exposure
ptosis may further exacerbate these effékls et al,, 2002. paradigms showed a ESat most frequencies, there were
For both non-Gaussian exposurg3=33 (approxi- some frequencies that displayed “nontypical” TS configura-
mately). This is an average value calculated from eight 40-dions over the course of the exposure. One animal in particu-
samples of the temporal waveform. The above results woulthr was quite variable and showed an interesting assortment
not be anticipated from an application of the equal energyf TS functions, any one of which could be found in the
hypothesis, which is the basis of the current internationabther subjects at some frequency. Figure 8 shows the TS
noise standard for the protection of hearing. These resuleasured in this animd#3148 during the course of the

J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003 Hamernik et al.: Cochlear toughening and protection 975



Gaussian, 20-day exposure along with the animal’s cochleazampo, P., Subramanian, M., and Henderson(1991. “The effects of
gram[panel(f)]. At 0.5 kHz TS follows a pattern typical of ‘conditioning’ exposures on hearing loss from traumatic exposure,” Hear.
the toughening phenomena. The animal shows a 35-dB TSRes-55 195-200.

followi he fi d fth o h lark, W. W., Bohne, B. A., and Boettcher, F. @4987. “Effects of periodic
ollowing the first day of the exposure. Over the next severa rest on hearing loss and cochlear damage following exposure to noise,” J.

days TS decreases and reaches a stable value of about 25 dBcoust. Soc. Am82, 1253-1264.
i.e., a T®=10dB. At 1.0 and 2.0 kHz the TS pattern is “U” Eldredge, D. H., Miller, J. A., and Bohne, B. A1981. “A frequency-
shaped, with TS initially decreasing as much as 20 dB fol- position map for the chinchilla cochlea,” J. Acoust. Soc. A8, 1091—

. . 1095.
lowed by a gradual increase to levels close to or approachlr?gay’ R. A.(1988. Hearing in VertebrategHill-Fay, Winnetka, I0).

those measured following the first day’s exposure. There igiamemik, R. P., Turrentine, G., Roberto, M., Salvi, R., and Henderson, D.
little or no TS; at these frequencies. At 4.0 kHz TS is ini- (1984. “Anatomical correlates of impulse noise-induced mechanical
tially relatively low (~10 dB) but then increases over the damage in the cochlea,” Hear. Re3, 229-247.

- Hamernik, R. P., and Ahroon, W. A1998. “Interrupted noise exposures:
course of the exposure 140 to 45 dB. At this frequency Threshold shift dynamics and permanent effects,” J. Acoust. Soc. Am.

the cochlea has become more susceptible to the noise as thgy; 34753483,

exposure continued, i.e., aTSgz. Finally, at 8.0 kHz TS  Hamemik, R. P., Ahroon, W. A., Jock, B. M., and Bennett, J.(2999.
measures are unstable. TS fluctuates as much as 30 dB oveNoise-induced threshold shift dynamics measured with distortion-
the course of the exposure. The Iarge TS fluctuations seen irproduct otoacoustic emissions and auditory evoked potentials in chinchil-

the * table” fi ti Id be f d at . f las with inner hair cell deficient cochleas,” Hear. R&%8 73—82.
€ “unstable” configuration cou € found at various fire- Hamernik, R. P., and Qiu, W2001). “Energy-independent factors influenc-

quencies and on different exposure days in different animals. ing noise-induced hearing loss in the chinchilla model,” J. Acoust. Soc.
The AEP waveforms recorded prior to a fluctuation, on the Am. 110, 3163-3168.
day of the TS dip and on the day following the dip showegHenselman, L. W., Henderson, D., Subramaniam, M., and Sallustio, V.

. . . (1999. “The effect of ‘conditioning’ exposures on hearing loss from im-
clear and regular intensity-dependent AEP waveforms with pulse noise,” Hear. Reg8, 1-10.

threshold well delineated. Clearly, a variety of different pro-psyen, k. ., and Hamernik, R. PL990. “A generalized approach to
cesses both protective and pathological must underlie theseandom noise synthesis: Theory and computer simulation,” J. Acoust. Soc.
functions which eventually resolve and yield stable butHAm-h 8& 1507—31; R part ) s of
shifted hearing thresholds for the subject. sueh, K. D., and Hamernik, R. PL99)). >erformance c are_tcterlstlcs 0
a phase domain approach to random noise synthesis,” Noise Control Eng.

J.36, 18-32.
V. ANIMAL USE Hu, B. H., Henderson, D., and Nicotera, T. N2002. “Involvement of

. . . apoptosis in progression of cochlear lesion following exposure to intense

The care and use of the animals used in this study wasggise » Hear. Res166 62-71.

approved by the Plattsburgh State University of New Yorkiso-1999(1990. “Acoustics: Determination of Occupational Noise Expo-

Institutional Animal care and Use Committee. In conducting sure and Estimation of Noise-Induced Hearing Impairméhiternational
; ; ; ; Organization for Standardization, Gengva
this research the investigators adhered to the Guide for Car;'%cono‘ A A. Hu, B., Kopke, R. D.. Henderson, D., Van De Water, T. R.,

ar?d Use of Laboratory Animals, as promulgated by the Com' and Steinman, H. M(1998. “Changes in cochlear antioxidant enzyme
mittee on Care and Use of Laboratory Animals in the Insti- activity after sound conditioning and noise exposure in the chinchilla,”
tute of Laboratory Resources Commission on Life Sciences, Hear. Res117, 31-38.

National Academy of Sciences-National Research Council:€: S- F- Ahroon, W.A., and Hamernik, R. @.994. “The application of =
frequency and time domain kurtosis to the assessment of hazardous noise

revised 1985. exposures,” J. Acoust. Soc. ArB6, 1435-1444.
McFadden, S. L., Henderson, D., and Shen, Y(1897. “Low-frequency
ACKNOWLEDGMENTS ‘conditioning’ provides long-term protection from noise-induced threshold

. shifts in chinchillas,” Hear. Resl03 142-150.
This work was supported by Grant No. 1-R01-OH02317miler, J. D., Watson, C. S., and Covell, W. R963. “Deafening effects of

from the National Institute for Occupational Safety and noise on the cat,” Acta Oto-laryngologica SupplZ6 1-81.

Health. The able technical assistance of Ann Johnsordils .M. Lee. F. S, Dubro, J. R and Boettcher F_(ms:a.;?er?_?-
. - ions between age-related and noise-induced hearing lossStientific
George A. Turrentine, Diane Fresch, Ben Moenter, and Tho- Basis of Noise-Induced Hearing Lossdited by A. Axelsson, H. Borch-

mas Lewis is greatly appreciated. grevink, R. P. Hamernik, P. A. Hellstrom, D. Henderson, and R. J. Salvi
(Thieme, New Yorl, pp. 193-212.
Ahroon, W. A., Hamemik, R. P., and Davis, R.(L993. “Complex noise ~ Subramaniam, M., Campo, P., and Henderson(1991). “The effect of
exposures: An energy analysis,” J. Acoust. Soc. /&8, 997—1006. exposure level on the development of progressive resistance to noise,”

Ahroon, W. A., and Hamernik, R. F2000. “The effects of interrupted Hear. Re_552v 181-188. )
noise exposures on the noise-damaged cochlea,” Hear1R8s103—109. ~ Subramaniam, M., Henderson, D., Campo, P., and Sponger992. “The

Boettcher, F. A., Sponger, V. P., and Salvi, R(1D92. “Physiological and effect of ‘conditioning’ on hearing loss from a high frequency traumatic
histological changes associated with the reduction of the threshold shift €xposure,” Hear. Re$8, 57-62.
during interrupted noise exposure,” Hear. R88, 217—236. Subramaniam, M., Henderson, D., and Sponge(1993. “Effect of low-

Bohne, B. A., and Rabbitt, K. 0{1983. “Holes in the reticular lamina after ~ frequency ‘conditioning’ on hearing loss from high-frequency exposure,”
noise exposure: Implication for continuing damage in the organ of Corti,” J. Acoust. Soc. Am93, 952—956.
Hear. Res11, 41-53. Ward, W. D.(199]). “The role of intermittence in PTS,” J. Acoust. Soc.
Bohne, B. A., Yohman, L., and Gruner, M. M1987. “Cochlear damage Am. 90, 164-169.
following interrupted exposure to high-frequency noise,” Hear. R¥s.  White, D. R., Boettcher, F. A., Miles, L. R., and Gratton, M. A.998.

251-264. “Effectiveness of intermittent and continuous acoustic simulation in pre-
Brownell, W. E. (1990. “Outer hair cell electromotility and otoacoustic venting noise-induced hearing and hair cell loss,” J. Acoust. Soc.JA18.
emissions,” Ear Hearll, 82-92. 1566—-1572.

976  J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003 Hamernik et al.: Cochlear toughening and protection



