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A parametric study of the reduction of threshold slitiughening phenomejpdhat 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 shi{ffS) 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. €998 Acoustical Society of Amerid&80001-496608)06206-1

PACS numbers: 43.64.Wn, 43.66.Ed, 43.50.RDF]

INTRODUCTION tal noise treatment. A second class of TS-modulating
experiments is typified by the interrupted exposure para-
The 1SO-19991990 document, relating levels of noise digms used by, for example, Clagk al. (1987, Subrama-
exposure to an estimated noise-induced hearing(W83L)  niamet al. (19913, and Hamernilet al. (1994. In this para-
in the exposed population, uses an energy metric to organizgigm, a noise of sufficient intensity, presented to an
the exposure data and an age correctt®) that, when sub-  experimental animal on a daily repeated cycle, produces a
tracted from hearing thresholds, yields NIHL. The energyTs following the first day of exposure. Threshold shifts mea-
approach to the standards document has been questioned fifed on subsequent days of the exposure sequence have
Bies and Hansert1990 who showed that an alternate for- peen shown to decrease relative to the initial TS. This reduc-
mulation is consistent with the demographic data base and byon of TS, despite a continuing daily exposure regime, has
Kraak (1981 whose approach is consistent with that of Biespeen called a cochlear toughening effect and the exposures
and Hansen. Similarly, there are many examples in the litreferred to as “toughening” exposures.
erature that demonstrate, on the basis of experimental evi- A fundamental issue that appears throughout the tough-
dence, the limitations of an energy metfi®i et al, 1994.  ening literature is the extent, if any, of the protection from
The ISO approach to an age correction has also been quesermanent noise-induced changes afforded to the auditory
tioned on methodological grounds by Bies and Hanserystem by the toughening phenomena as a result of an inter-
(1990 and by Humes and Jestead®91) and most recently yypted noise exposure. This issue has at least two different
on experimental grounds by Millgt al. (1997. The ap-  pyt related facets1) Does a population exposed to an inter-
proach to the interaction between noise and other thresholqlupted noise that produces toughening develop less or more
elevating variablese.g., age suggested by Humes and Jest- permanent threshold shif®TS than a matched population
eadt is conceptually consistent with the approach of Bies a”@xposed to an uninterrupted noise of the same total energy?
Hansen. . _ . _ That is, is the ear that is being gradually toughened by a
Experiments involving noise exposure paradigms thahoise protected from that noise? In the absence of any tough-
modulate postexposure threshold shiffsS) (temporary or  enjng effects the interrupted paradigm would generally be
permanentfurther question the suitability of an energy met- expected to produce less permanent auditory system changes
ric for noise exposure standards. One class of such expefinan the equivalent uninterrupted expos(iéard, 1991. (2)
ments is typified by the exposure paradigms used by Canlof the cochlea, toughened by an interrupted noise exposure
et al. (1988 and are referred to as “conditioning” or “prim- 44 subsequently exposed to a more traumatic noise, affected
ing” experiments. In this paradigm a continuous low-level |55 hy the traumatic noise than an untoughened cochlea?
noise, that produces little or no TS, is used to alter the sus-  Tnis |atter question is addressed in a number of papers
ceptibility of the cochledi.e., usually to reduce its suscepti- \yhere the answer is arguably equivocal. The earliest refer-
bility to noise or to “toughen” iy prior to further experimen- o ce tg the issue of just such a protective effect can be found
in the Miller etal. (1963 paper in which the noise-
dElectronic mail: HamernRP@SPLAVA.CC.PLATTSBURGH.EDU toughened cat cochlea was shown to be affected by a high-
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level noise to the same extent as the untoughened cochleggarameters of the stimulating noise and the audiometric test
More recently, Subramaniaet al. (1993 showed that, un- frequency used to monitor the effediSubramaniaret al,

der some conditions, the cochlea toughened by a low1991a, b. The mechanisms responsible for the toughening
frequency, interrupted noise did not provide any protectiorphenomena are not known, however, the mechanical proper-
from a subsequent high-frequeniglrkHz octave band noise ties of the OHC system and the efferent systems have been
(OBN)] exposure, instead the 4-kHz exposure produced ashown to play a roléZhenget al, 1997.

exacerbation of both PTS and outer hair d€HC) loss. In the present paper, we present data from a parametric
However, protection from a low-frequency noise exposureexperimental design involving 32 different exposure condi-
was reported by, for example, Campbal. (1991) and Mc-  tions and 266 subjects. The presentation and discussion of
Faddenet al. (1997. A confounding factor in both of these the group mean data address the following iss&sThe
papers was that when statistically less PTS was found in thapplicability of the equal energy concept to interrupted noise
toughened ears there was no protective effect on the OHExposures|2) the relation among stimulus frequency, en-
population as measured by conventional cochleograms. Witargy, audiometric test frequency, and the amount of tough-
this inconsistency the standard “escape clause,” that mor€ning; and(3) the extent of the protection from permanent
subtle sensory cell damage must be present that is not seenfigise-induced changes afforded to the noise-toughened co-
the light microscopic analysis, is invoked. The effect of anchlea.

impact noise exposure on the noise-toughened cochlea was

explored by Robert@t al. (1996 and by Henselmaetal. | vETHODS

(1994. In the former paper, the protective effects, if any,

were inconsistent, while in the latter very large protective =~ Summary data from 135 chinchillas exposed to an unin-
effects were observed in both the PTS and sensory cell dattgrrupted, 8l, asymptotic threshold shiftATS) producing

The McFadderet al. (1997) paper presents a good overview impact noise and 131 chinchillas exposed to an equivalent

of most of the literature on this topic. energy, 20-d, interrupted impact noise are used to assesses
Since one m|ght expect that the under|ying mechanismHWe threg issues identified a.bove. BrainS(mrior collicu-
of these two classes of Ts_modu|ating experimemus_, IUS) aud|t0ry evoked pOtentlal@EP) collected from mon-

priming and tougheninghave some processes in common,aural chinchillas were used to estimate pure-tone thresholds
the effects produced by each should mutually interact. Th@nd surface preparation histology was used to quantify sen-
extent of the interaction, however, has not been sufficientipory cell populations. A narrow-band transiefimpac)
studied. The efforts of Robertet al. (1996, to first prime ~ Noise, of varying intensity and center frequer(€F), was
the cochlea with a low-level noise followed by an interruptedused to probe the extent of the toughening phenomena. De-
noise which was known to also toughen the cochlea, yieldedfils of the experimental methods, beyond those that are pre-
inconsistent results. Following a similar protocol, Dagli andSented below, can be found in Ahroenal. (1993.
Canlon(1997), using otoacoustic emissions metrics, showed )
that a primed cochlea responds differently to an interrupted NOIS€ exposures
noise than does an unprimed cochlea. Thirty-two different noise exposures were used; 16 were
The question of whether the cochlea that is graduallyused to produce different ATS conditions and 16 similar ex-
being toughened by an interrupted noise is in fact being proposures, having equal energy but presented ondai@r-
tected from that same noise has had only limited attention. Ifupted schedule, were used to induce toughening. The expo-
the Clarket al. (1987 paper the interrupted exposures thatsures consisted of narrow-band impa@t®l) 400-Hz wide,
produced a toughening also resulted in less hearing and sehaving center frequencies of 0.5, 1.0, 2.0, 4.0, and 8.0 kHz.
sory cell loss than an equal energy control group. HoweverThe NBIs were presented at a rate of 1/s, 24 hfdbfd or 6
the effect was small, the experimental conditions were lim-/d for 20 d. Peak sound-pressure levi®L9 were 1009,
ited, and the group sample sizes were small. Furthermore,15, 121, or 127 dB. All noise stimuli were generated digi-
whether the reduced permanent effects were the result of @lly using a virtual instrument developed using the Lab-
toughened cochlea or just the moderating effect of the noiswiew™ software package. A fixed-length pulse was fed
interruption as is often seen following interrupted exposureshrough a 4th-order bandpass Butterworth filter. The result-
(e.g., Ward, 1991that produce no toughening is not clear. ing waveform was played though the computer’s sound out-
The toughening phenomena produced by an interrupted noigrit and fed to an AB International Precedent Series 900A
exposure has also been shown to be manifested in physkmplifier. The output of the amplifier was fed to either a JBL
ological data(single unit and whole nerve action potential model 24453 speaker with model 2360H horn and model
measures(Sinexet al, 1987; Boettcheet al,, 1992. How-  2360T transition piecgl-, 2-, and 4-kHz CF impacks
ever, the relation of the physiological data to the status of th&lectro-Voice dual DH1AmMt-16 transducers with MTA-22
sensory epithelium is also not clear. Boettcherl. (1992,  transition piece and HP640 ho¢®.0-kHz CF impacts or an
for example, show a continuing increase in OHC pathologyElectro-Voice TL550D speaker systef®.5-kHz CF im-
despite a nearly complete recovery of the AP thresholds thugacts. Table | shows the experimental groups and the num-
indicating that despite the recovered AP, the final conditiorber of subjects in each group. Figure 1 shows the relative
of the cochlea will be altered. spectrum and temporal waveform of each NBI at the 121-dB
The modulation of TS during an interrupted noise expo-peak SPL. Waveforms and spectra at other levels were quali-
sure is further complicated by the frequency and intensitytatively similar.
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TABLE I|. Experimental groups: number of animals in each group exposed to the narrow-band ith&igts
for 5 or 20 d having the indicated center frequendieb) and peak sound-pressure levesPL).

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

During exposure, individual chinchillas were confined to C. Histology
cages (1& 11X 16 in.) with free access to food and water. A Following the last AEP test protocol, each animal was

maximum of six :_anlmals was_exposed gt a time. Peak SF‘I‘@uthanized under anesthesia and the right auditory bulla re-
in the exposure field were uniform to within less than 2 dB. -\ o4 24 opened to gain access to the cochlea for perfu-
sion. Fixation solution consisting of 2.5% glutaraldehyde in
B. Threshold testing procedures veronal acetate buffeffinal pH=7.3, 605 mOs was per-
_ fused through the cochlea. After 12 h of fixation the cochlea
Thresholds for all audiograms were measured at octavgas postfixed in 1% Osgn veronal acetate buffer. Surface

interval_s frpm 0.5to0 16.0 kHz..The mean of thr.ee threshoIdpr\,_J,l3<,;\r<,j\»(iOn mounts of the entire organ of Corti were pre-
determinations measured on different days defined each aared and inner and outer hair c4HC, OHC) populations

mal's pre-exposure audiogram. A complete audiogram Wagere plotted as a function of frequency and location using
measured once daily dur!ng each of the five exposure days @fie frequency-place map of Eldredgeal. (1981). For pur-

the ATS exposure paradigm and the average daily TS estalyyses of this presentation, sensory cell population data is
lished the mean ATS levels. For the 20-d interrupted eXpopyresented as group averages taken over octave band lengths

sure paradigm a complete audiogram was measured prior g the cochlea centered on the primary AEP test frequencies.
and immediately following each dgi6 h exposure in order

to establish the magnitude and time course of the tougheql—_ RESULTS AND DISCUSSION

ing. The amount of toughening at each audiometric test fre-

quency was defined as the difference between the TS meé- Pre-exposure thresholds

sured at a given frequency following the first day eXposure  The group mean pre-exposure thresholds are shown in
(TS) and the mean of the thresholds measured followingrjg 2 The large open symbols connected by the solid line in
exposure on days 16, 18, and 20 ¢§59. Following a 30-d  thjs figure represent the mean AEP thresholds of 924 non-
postexposure recovery period thresholds for both sets of anjjgise-exposed monaural chinchillas from our laboratory. The
mals were measured again on different days and averaged fghsheq lines represent one standard deviation above and be-
each animal to establish PTS. PTS was defined as the diffefs,, the mean thresholds. The 16 group means for subjects

ence between the 30-d post- and pre-exposure audiogramgynosed to the 5-d ATS or 20-d interrupted exposures are
indicated by small points in the upper and lower panels of

T this figure, respectively. Onl){ five of the 192 group means
L (32 groups<6 frequencies) differed from the laboratory

4 L norm by more than one standard deviation and none ex-
i ceeded two standard deviations from the mean. Since the

B
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&
2

&
hd

‘ - ; audiometric dependent variables used in this study are
. 1.0kHzCF | 40KkHzCF threshold shift§as opposed to shifted thresholdee small
1 i differences in group mean pre-exposure thresholds should

|||||

P r not affect the overall conclusions drawn from this data base.

P
g3
.

Relative level (dB) Relative level (dB)
P : ; . h

A

‘ : A I | I : B. Threshold shifts and sensory hair cell losses
2.0 kHz CF 8.0 kHz CF

LA

m
2 The correspondence between the group mean TS gener-
%240* ated during the 5- and 20-d exposure paradigms for all the
% o0 - groups is shown in Fig. 3, where the group mean TS mea-
& AA | . i A A ‘ | | sured immediately following the first 6-h exposure (Y 8f

” Frequency (kH2) Frequency (kH2) the interrupted paradigm is compared with the group mean

ATS produced by the corresponding, equivalent energy, un-

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. Speu:trmtem'lpted exposure for each of the NBIs at each AEP test

and waveforms for the other impact levels were qualitatively similar. The?requenCY-[In this and in some of the subsequent figures
ordinate of the time waveform is calibrated at £¥25 dB. standard errof(SE) bars are indicated. When an SE bar is not
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FIG. 2. Group mean pre-exposure auditory evoked potential audiograms for \ o iu &
the 16 groups exposed to the 5-d uninterrupted naipper pangland the P AEP tost reguency = 8.0 kHz| .~ : AE‘P'eS“fe?ue"CV =|16-°kHZ
. - T T
16 groups exposed to the 20-d interrupted ndisever panel compared 40 10 30 50 70 10 8 50 70 90
with the laboratory normri{=924). The dashed lines indicate one standard Mean ATS (dB) Mean ATS (dB)

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 (Y 8f the 20-d inter-

. rupted exposure paradigm and the mean asymptotic threshold(ARE)
present, the SE _Was less than or equal to the S'_Ze of tr“ﬁoduced by the equivalent energy uninterrupted 5-d exposure. Each of the
symbol representing the datum poiithe mean ATS is de- six audiometric test frequencies is shown in a separate panel and symbols
fined as the average of the five TSs that were measured dgentify each of the five narrow-band impact stimuli. Error bars represent
each of the five days of the uninterrupted exposure. As ex2ne standard error of the mean. If error bars are not present, the standard

. error was less than the width of the symbol.
pected, T$is in general less than or equal to the ATS level.

That is, the mean ATS level sets the upper bound for % NBIs), produced a TS recovelyoughening effect that took

a number of exposure conditions and AEP test frequenciegjace at a slower rate than it did for the lower frequency
mean ATS and TSare equal, reflecting the observation of NB|s. In fact, it appears that after 20 d, TS is still decreasing
Blakesleeet al. (1978 that the ATS level can be reached for some exposure conditions. Thus in some limited number
rapidly using high-level impact stimuli; often during the first

hour of exposure. Both sets of exposures produced TSs co

sistent with stimulus parameters; group mean agd ATS EXPOSURE
increased with increasing stimulus energy and TSs occurre 1.0 kHz Narrow-band Impacts 4.0 kHz Narrow-band Impacts
. . . . . 127 dB peak SPL (n =9) 121 dB peak SPL (n = 9)
at audiometric test frequencies appropriate to the impact cer - : s . s . s .
4.0 kHz AEP test frequency 4.0 kHz AEP test frequency
ter frequency. TS, = 24.1 B 5,176 B

60 =+
Figures 4, 7, and 8 provide some perspective on the_ u\\*“_‘_./\'_‘

nature of the data base that was reduced in order to produ@ “ Mm I

the remaining figures. Figure(4) and (B) show the group £ **
mean TS at the 4.0- and 8.0-kHz AEP test frequency imm . |
diately prior to(open symbolsand following (closed sym-

bols) each of the 6-h exposures to the 1.0-kHz NBI at

8.0 kHz AE}” test rreque'ncy =&0 kHz AEIF' test frequeInCy
\\“\/_Tsjlis WB I
40 4 L

127-dB peak SPL. Figure(@) and (D) show a comparable ~ W Y e
data set from the 4.0-kHz NBI at 121-dB peak SPL. Clearly | T i

. . B} (D)

seen in these plots is the regular and generally systemat °% I p e % I A p %
decrease in TStoughening with increasing repetitions of Days Days

the 6-h exposure. In each panel the amount of toughening!/G. 4. Group mean threshold shifts measured immediately prior to and

. _ _ s : ollowing the 6-h exposures on the days indicated during the 20-d exposure.
[i.e., TS=(TS~TS;e20]is indicated, where Tg_zis the Examples of data measured at the 4.0- and 8.0-kHz AEP test frequencies

mean TS measured following days 16, 18, and 20. EXposurggm two different exposure conditions are shown. The amount of toughen-
to the higher frequency impactse., the 4.0- and 8.0-kHz ing, TS, defined as TS-TSys_xis indicated in each panel.

(A) —©— Preexposure —&— Postexposure ©)
I ' ) I

ThresholgD Sh
2
1
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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 .5 , AEP telst frequency: 8’? kHz
the exposure sequence. Slopes are plotted against AEP test frequency. Eac 0 5 10 15 20

panel presents data from one of the narrow-band im{8t) stimuli at the Exposure day
highest and lowest peak SPL used for that NBI.
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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 impa®BI) stimulus. Examples were chosen

of conditions our TSmay be underestimating the maximum to illustrate different threshold shift dynamics at different AEP frequencies

TS, that might be achieved with that particular stimulus if within a single group. The insert shows the individual animals {31) TS
the exposure was allowed to continue. Subramaredral. at the 8.0-kHz test frequency as a function of, T& all NBI interrupted
. . . . exposures. Error bars represent one standard error of the mean. If error bars

(1991b also indicate differences in the rate at which tough'are not present, the standard error was less than the width of the symbol.
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 rapidlyidual subjects such frequency-specific differences in TS dy-
for the high-frequency stimuli. namics during an interrupted exposure can be very dramatic

Figure 5 provides an estimate of the rate at which toughas seen in the inset of Fig. 6. The inset shows thevESsus
ening occurs at different AEP test frequencies as the NBI'S; data measured at the 8-kHz AEP frequency for all 131
stimulus frequency and intensity are varied. This figure plotshinchillas that received one of the interrupted exposures.
the slope of the daily postexposure TS, obtained from théata at the 8-kHz AEP test frequency were chosen for illus-
linear regression line on the group mean TS values over theative purposes since this was a frequency that was gener-
first 10 d of the interrupted exposure. Clear from this figureally affected by all of the NBI stimuli. The data at the other
is the generally reduced slopes, or slower development diequencies are similar. At any given value of ;Tiiere is
toughening, as the NBI stimulus frequency is increased oconsiderable variability in TS Interesting is the observation
peak NBI levels are decreased. Slope data for only the higthat for T§<20 dB a number of subjects show a growth of
and low extremes of NBI peak SPL are shown. The slopd'S (i.e., a negative T3. Considerable variability in indi-
data at other intensities were generally intermediate to thosedual responses was also reported by Hamereilal.
shown in Fig. 5. For the lowest intensity NBls at some AEP(1994). The daily pre-exposure TS generally followed a time
frequencies either there was no TS or no toughening effeatourse during the 20-d exposure that was roughly parallel to
(i.e., a zero slope Interestingly, at some of the lowest inten- that of the daily postexposure TS.
sities there were some AEP frequencies that, rather than Figure 7a), showing the group mean data from the
showing toughening, showed a group mean growth of @S 127-dB peak SPL, 1.0-kHz NBI exposures, compares the
positive slopg as the exposure was repeated. In most caseATS level at various AEP test frequencies with ;T%nd
for which this occurred the effect, while consistent over thewith TS;5_,5 Toughening, TS, is seen to clearly exceed 30
20-d exposure period, was small amounting to less than dB at 8.0 kHz(i.e., the distance between the open and closed
10-dB growth. The single exception is the group exposed taircles. In this example all audiometric frequencies have
the 115-dB peak SPL, 0.5-kHz NBI, which at the 8.0-kHz been toughened 20 dB or more. Panel B of this figure shows
AEP frequency, showed about a 20-dB growth in the groughe mean PTS for these two equal energy groups. A two-way
mean TS. This is shown in Fig. 6 along with the group mearanalysis of variance with repeated measures on one factor
TS function, measured at 2.0 kHz, that showed the typicalfrequency indicated no differences in the levels of PTS
toughening effect. This result for the 8-kHz test frequency is(main effect:F=0.126, df=1/17, interaction=0.508, df
consistent with the findings of Sinest al. (1987 and Boet- =5/85). Panel C presents the profile of the mean OHC loss
tcheret al. (1992. On the basis of the group mean data it isaveraged over octave band lengths of the basilar membrane
clear that all AEP test frequencies that are affected by thevhich, as with the PTS, shows no statistical difference be-
noise are not necessarily toughened by the noise. In indiween the two groupémain effect:F=0.518, d&1/17; in-
3482
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FIG. 7. A comparison of group mean audiometric and histological data fromFIG. 8. A comparison of group mean audiometric and histological data from
the 5-d and 20-d exposure to the indicated narrow-band impact stigauli.  the 5- and 20-d exposure to the indicated narrow-band impact stiAgli.
Mean asymptotic threshold shifhTS), the threshold shift immediately fol- Mean asymptotic threshold shifATS), the threshold shift immediately fol-
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measured over days 16—20 (ES, g of the interrupted exposure measured measured over days 16—20 (;5Sy 9 of the interrupted exposure measured

at each audiometric test frequency. Toughening is identified by the dB difat each audiometric test frequency. Toughening is identified by the dB dif-
ference between the filled and open circlg®) Permanent threshold shifts ference between the filled and open circl@®). Permanent threshold shifts
(PT9 at each audiometric test frequency for the two grofs.Percent of  (PTS at each audiometric test frequency for the two gro@$.Percent of
outer hair cel(OHC) loss over octave band lengths of the basilar membraneouter hair cel(OHC) loss over octave band lengths of the basilar membrane
centered on the audiometric test frequencies. Despite the toughening theredgntered on the audiometric test frequencies. There is a statistically signifi-
no statistically significant differences in PTS or OHC loss between thesgant difference in the PTS and OHC loss between these two groups. Error
two groups. Error bars represent one standard error of the mean. If error bab@rs represent one standard error of the mean. If error bars are not present,
are not present, the standard error was less than the width of the symbol.the standard error was less than the width of the symbol.

teraction:F=1.361, d=7/119. This pair of exposures pro- <0.05. [The interactions of exposure group and frequency
duced high levels of TS, PTS, and considerable sensory cellere not statistically significanPTS: F=1.068, df=5/80;
loss. Despite these severe noise-induced changes the tougbHC: F=1.372, df=7/112.] One might infer from the 10-
ening phenomena was robust across a broad range of ABB 22-dB difference between ATS and T®at such differ-
frequencies. In this case the toughened cochlea did not gaences in permanent effects might indeed turn out to be the
any advantagéprotection). case. However, other groups having similar, &&d ATS

A somewhat different set of results is seen in Fig. 8.differences show no such differences in PTS or OHC losses.
(These two sets of examples were chosen to illustrate th&€he results from the pair of groups shown in Fig. 8 are the
different conclusions one can draw from a limited set ofonly set of results showing such relatively large and consis-
experimental conditions.Figure 8 shows a parallel set of tent differences in permanent changes. The only other data in
data for the pair of 121-dB peak SPL, 4.0-kHz NBI expo-the literature that is somewhat related to the experimental
sures. The profile of TSand ATS is consistent with the level conditions reflected in Fig. 8 are to be found in Subramaniam
and CF of the stimulus. For this exposure,; TSless than the et al. (1992 where a 4.0-kHz OBN at 85 dB SPL was used
level of ATS, by from 10 to 22 dB, across all test frequen-to toughen the cochlea in an interrupted exposure paradigm.
cies, and a 15- to 20-dB toughening effect is seen betweewhen the toughened subjects were expoSed later to a
4.0 and 16.0 kHz. A striking difference between the data ir4.0-kHz OBN at 100 dB SPL for 48 h the toughened subjects
Figs. 7 and 8 is seen in the PTS and OHC losses for the twshowed more PTS than, and about the same sensory cell loss
groups. The 4.0-kHz NBI interrupted exposure has produceds, the controls. Since the opposite results were found for
statistically significant less permanent chan(feTS: F low-frequency exposuregCampo et al, 1991 the differ-
=8.991, dE&1/16, p<0.05; OHC: F=4.935, d&1/16, p ences were attributed to differences in the base—apex re-
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FIG. 9. The relation between the group mean amount of toughening (TS FIG. 10. The relation between the group mean amount of toughening (TS
and threshold shift (T3 measured immediately following the first 6-h in- and threshold shift (T3 measured immediately following the first 6-h in-
terrupted narrow-band impa@iBl) exposure for each NBI exposure with terrupted narrow-band impa¢hBl) exposure for each audiometr(&EP)
audiometric(AEP) test frequency as a parameter. Error bars represent onéest frequency with NBI center frequen¢iBI CF) as a parameter. Error
standard error of the mean. If error bars are not present, the standard erf@@rs represent one standard error of the mean. If error bars are not present,
was less than the width of the symbol. the standard error was less than the width of the symbol.

sponses of the cochlea. However, using the same paradigm (1) Toughening is seen to be a general phenomena asso-

but with only an 18-h recovery between the toughening an%iated with all the AEP test frequencies and can be evoked

the traumatic exposures, Subramaniatial. (1992 mea- by a broad spectral range of noise stimuli although much less
sured about 18 dB less PTS in the toughened cochleas. Thid b 9 9

latter result is somewhat consistent with the singular result§9 as_ the NB_' CFis _mcreased: This might be expe_ctgd con-
shown in Fig. 8. sidering the increasingly restricted spread of excitation on

the basilar membrane as NBI frequency is increased. Clark
et al. (1987 have indicated that maximum T8 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-

For each experimental group, data such as that presenteglal octaves above the frequency of the stimulating noise
in Figs. 7 and 8 have been reduced in an effort to extraciay experience maximum or near maximum TS

some of the basic trends from the large mass of available (2) Generally, as the level of the noise stimulus in-

data. The effects of exposure stimulié8l) frequency and creases, TSincreases although there is the suggestion in

|nten3|'ty on toughen!ng at the various audiometric test fre'some of the intensity series and at some AEP test frequencies
guencies can be estimated from Fig. 9 wherg BSshown

plotted as a function of TSfor each NBI with AEP test that TS begins to decrease for stimulus levels that produce a

frequency as a parameter or from Fig. 10 wherg3hown | >t dreater than about 50 dB.

plotted as a function of TSor each AEP test frequency with (3 For different NBIs that produce the same,T& a
NBI CF as a parameter. Although NBI intensities are notdiven AEP test frequency a large difference in, T&n be
specifically coded in the symbols of Figs. 9 and 10, the effecproduced. Consider, for example, that both the 121-dB, 8.0-
of NBI level is well ordered with respect to T@nd should kHz NBI and the 127-dB, 0.5-kHz NBI produce a 40-dB;TS
pose no difficulty in interpretation. The following points can at 4.0 kHz. However, the former produces no, ile the

be made from Figs. 9 and 10: latter produces a T,Sf more than 25 dB.

C. Effects of NBI frequency and intensity on TS
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D. Evaluation of the equal energy/equal damage posures an evaluation of the equal energy principal was per-
concept formed. Figure 1(a)—(c) show the relation between the PTS,

Since corresponding pairs of groups, from the inter-OHC, and IHC for corresponding pairs of equal-energy ex-
rupted and uninterrupted exposure, received equal energy eRosuredi.e., 5 versus 20)d Symbols reflect the narrow-band
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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 exposurgs)(8i&that produced by the 5-d exposures
(PTS 9. The symbols code for AEP test frequendfd) The relations between total loss of outer and inner hair q€IC, IHC) for each of the
corresponding exposureC) 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 exposu(®$.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 regféssianditiee

correlation coefficientr() are given.

stimulus used and each panel gives either the PTS measuredrrelated with correlations ranging from 0.6BTS to 0.98
at the indicated AEP test frequency or the sensory cell los&otal IHC losg. An analysis of the regression line slope for
within the indicated octave band length of the cochlea. Theéhe comparison of PTS3;=0.81) revealed a slope signifi-
frequency-distance translation was made using the data afntly different fromB,;=1 (t=—5.559, df=94, p<0.05),
Eldredgeet al. (1981. From these figures there would ap- indicating that PTS in the 5-d exposure was generally greater
pear to be very little and in many cases no difference in thehan for the 20-d exposures. The analyses of the slopes for
permanent effects elicited by corresponding pairs of equatach of the four sensory cell loss variables were not statisti-
energy exposures. The data in Fig. 11 were replotted asally significantly different from the diagondPeOHC: t
shown in Fig. 12 and subjected to statistical analyses. =-1.879, d&126; %IHC:t=0.719, d& 126; total OHC:
Figure 12ZA) shows the group mean PTS, measured at=—1.258, df=14; total IHC:t=0.083, df=14). Thus the
each of the AEP test frequencies, for the groups exposed t0-d interrupted exposures resulted in slightly lower perma-
the 5-d, uninterrupted and 20-d, interrupted exposures. OH@ent threshold shifts than the 5-d exposures, and no differ-
and IHC sensory cell loss data is similarly plotted either asence in the extent of sensory cell losses.
total cochlear losses in panéB) or as frequency-specific
octave band losses in pand(§) a_nd (D). Less .PTS and E. Is the toughened cochlea a protected cochlea?
sensory cell loss produced by the interrupted noise exposures
should yield a linear regression line with a slope less than 1.0  Figure 13 summarizes the relation between &&d any
describing points below the diagonal. The results of lineamprotective effect induced by TSwhere protection is defined
regression analyses of each of these data sets are indictedimterms of PTS as the difference, at each audiometric test
the corresponding panels of Fig. 12. The analyses indicateflequency, between the PTS produced by the uninterrupted,
that the predictor and criterion variables were all highly cor-5-d exposure and that produced by the 20-d, equivalent en-
related. Thus, as expected, the permanent effects producedgy interrupted exposure, that ifPTS ;—PTSgo4. In
by corresponding pairs of equal energy exposures are highlerms of sensory cell loss protection is similarly defined as
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an extended time course thus allowing recovery processes to

1 1 1
AEP test frequency

304 W oo5kiz A 20k O 80Kz | intervene during the quiet interludes. The data in Fig. 13
4 ® 1okz [ 40kHz A 16.0kHz indicating no correlation between T8nd (PTS4—PTSg 9

@ and (OHG 4—OHC,yy suggests that the operative mecha-
\é nism for any protective effect is that associated with the
0 spreading of energy over time rather than a toughening of the
r cochlea. This conclusion is further strengthened by the high
IB‘ correlations shown in Fig. 12. Thus an auditory system
L_’f 20 | toughened by noise is not necessarily a protected system.

-804 f(x)=A01x+g.\l B

(A) r=.01
S S S A IIl. CONCLUSIONS
TS, (dB)
The foregoing analysis of an extensive set of group
“ ' ' ' —® mean data from animals exposed to a variety of interrupted
30- o  fW=0omr04] noises has served to confirm and extend a number of the

r=.04
results that have recently appeared in the literature on the

toughening phenomena. We have shown that toughening,
TS, is a general cochlear phenomena that can be measured
at all audiometric test frequencies provided that a sufficient
TS, is produced by the noise exposure stimulus, gé&ner-
ally increases with an increasing T®r equivalently with an
increasing exposure SPLThere is, however, the suggestion
that for large values of T;S the amount of toughening will
begin to decrease. The magnitude of, B&d the number of
. : audiometric frequencies showing a,TiS very dependent on

0 0 IIE’S (de)" % 4 the frequency content of the noise stimulus, where lower

r frequency stimuli are more effective in the production of

FIG. 13. The protective effect of toughening on the auditory system as aS.
function of the amount of toughening (7)S Protection in terms of audio- Across the range of audiometric test frequencies, within
metric variables is defined as the difference between the permanent thresgp, exposure group, the T8ariable can take on both positive

old shift produced by the 5-d exposure and the 20-d exposure . S .
(PTS ¢—PTSo 49, and in terms of histological variables as the difference and negative values indicating that while thresholds at some

between the outer hair cell loss produced by the 5- and 20-d exposuredUdiometric test frequencies are getting bethsing tough-

(OHGs;—OHCy, 9. In each of the above plots the equation for the linear ened others are getting worse as the exposure repeats.

regression linef(x) and the correlation coefficient) are given. 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-
[%OHGCs ¢—%OHGC, (] computed across adjacent octave manent noise-induced changes. However, relative to the
band lengths of the basilar membrane centered on the AE@quaI-energy control groups, the interrupted exposures pro-
test frgquencies. The data pgints. in this figure are derived,ced slightly less PTS but no differences in sensory cell
from Figs. 9 and 11. Plotted in this format, a protected CO1ng5es, Taken together these results suggest that a toughened
chlea as a result of toughe_nlng shoult_d result in data POINtEgchlea is not necessarily a protected cochlea and that the
above the zero horizontal line. Analysis of these data usingoncept of equal energy-equal damage is overly conservative

linear regression shows that there is a very low correlationyy interrupted exposures that allow for recovery processes to
between TS and the metrics that we have used to defingyiervene between exposures cycles.

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 (t=0.137, d=94), but that they intercept 89  |v. ANIMAL USE

=2.4dB) is statistically different from zer@=2.543, df

=94, p<0.05. A parallel analysis of the percent OHC data The care and use of the animals reported on in this study

revealed that neither the slofte= —0.357, d&=94) nor they =~ were approved by the SUNY Plattsburgh Institutional Ani-

intercept(t=0.262, d&=94) were significantly different from mal Care and Use Committee. In conducting the research

zero. described in this report, the investigators adhered to the
A protective effect, as a consequence of an interrupteduide for Care and Use of Laboratory Animabs promul-

noise exposure, is achieved by eitligy decreasing the sus- gated by the Committee on Care and Use of Laboratory Ani-

ceptibility of the system to permanent noise-induced effectsnals of the Institute of Laboratory Resources Commission

(i.e., increasing the system’s resistance to noise; tougheningn Life Sciences, National Academy of Sciences-National

or (2) delivering a given amount of energy to the system oveResearch Council, revised 1985.

%OHCy - %OHC o0
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