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Relations among early postexposure noise-induced threshold
shifts and permanent threshold shifts in the chinchilla
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New York 12901

(Received 23 January 2001; revised 27 July 2001; accepted 24 October 2001

Threshold shift§TS) were measured at various times following a wide variety of noise exposures
on over 900 chinchillas. An analysis of postexposure TS measures and noise-induced permanent
threshold shiff PTS showed that, across audiometric test frequency, there was a consistent relation
between these variables of the form PTS (éB)(e">#—1), where, for a given test frequenay,

(dB) and B (dB) are constants. TSs were measured immediately following exposugg, (& h

after exposure (T53), and at several intermediate times in order to estimate the maximum TS
(TShay- Correlation between TS and PTS at the various test frequencies was highes} foAT'S
analysis of the 90th-percentile PTS showed a linear growth of PTS withof&pproximately 0.7

dB PTS/dB TS, These data provide some support, in the chinchilla model, for a variation of the
three postulates originally presented by Krytral. [J. Acoust. Soc. Am.39, 451 (1966)].
Specifically: (i) TS,, is a consistent measure of the effects of a traumatic noise expdsurall
exposures that produce a given, I @ill be equally hazardousiii ) Noise-induced PTS in the most
susceptible animals, following many years of exposure, is approximately equal to (&7)TS
measured after an 8-h exposure to the same noise20@2 Acoustical Society of America.
[DOI: 10.1121/1.1428545

PACS numbers: 43.66.Ed, 43.50.Pn, 43.50[@IRL ]

I. INTRODUCTION exposures that produce a given TMll be equally hazard-
h. OUS; and(c) NIPTS following 10 years of exposure, 8 h/day

old shift (CTS) measured on subjects following exposure to'S @PProximately equal to the T}3neasured after an 8-h
noise have been fundamental measures of the effects of &POSuUre to the same noise. At the time these three postulates
noise exposure on hearing in laboratory experiments usinf€¢ Published, their insecure foundations were clearly rec-
human and other mammalian species for more than 50 yearggmzed. Ther_e is still not a sufficient database available from
CTS differs from TTS in that the postexposure-shiftedYVh'Ch fche validity of these postulates can be assessed for
threshold recovers toward the preexposure levels but the rdndustrial workers. _ , .
covery is not complete, leaving the subject with a permanent ~ Auditory threshold shiftTS) following noise exposure
threshold shiffPTS. CTS is associated with a damaged sen-ePresent a complex response whose biophysical substrata
sory epithelium. Unlike the TTS experiments, which often@ still not completely understood. The magnitude of the
used human subjects, experimentation that produced a CT3ift, whether a TTS or a CT8Miller et al, 1963, its fre-
was invariably conducted on various nonhuman species. duency specificity, and its postexposure time course, which is
Since it seemed reasonable to assume that temporaf{gPendent upon the magnitude of the TS, vary in a complex
losses of hearing were somehow related to permanent lossBg@nner with the exposure stimulus parameters. The early
(Reger and Lierle, 1994the former simply being a milder Stages of fatigue described by Hirsh and Werl52 and by
manifestation of the latter, TTS experiments became verylirsh and Bilger(1955, in which TS was shown to have a
popular. While a considerable amount has been learned abo@iPhasic profile during the first two minutes (T3Spostex-
the behavior of TTS and its relation to exposure parametergosure, led to the adoption of TJ8s an index of the effects
the results have arguably had a modest impact on our knowPf an exposure, i.e., Kryter's postula@®. As stimulus levels
edge of how noise-induced permanent threshold shiftncreased it became clear that complex TS dynamics was not

Temporary threshold shifffTS) and compound thres

(NIPTS accumulates over a Working lifetime. jUSt limited to the early postexposure period, but could also
Data on TTS ultimately found their greatest practicalbe found in the steady growth of TS over 8 to 12 h following
application in noise-exposure criteri@.g., Kryteretal, @ high-level exposurdLuz and Hodge, 1971; Hamernik

1966. Implicit in the development of the Krytest al.docu- €t al, 1988; Danceret al, 1991). This growth of TS has
ment was the acceptance of three postula@sTTS mea- been associated with mechanical disruption of the structural
sured 2 min after an exposure (T)Ss a consistent measure integrity of the organ of Corti, and in animal models has
of the effects of a single day’s exposure to noiéa. All been shown to be associated with sensory cell loss and
NIPTS (Hamerniket al, 1988.

dElectronic mail: roger.hamernik@plattsburgh.edu An l.mderlymg. ratlonalg that pervades many of the TS

YAlso at U.S. Army Aeromedical Research Laboratory, P.O. Box 620577,Studles is the d(_%SII‘e to estimate F_)TS base‘_j upon spme mea-
Fort Rucker, AL 36362-5292. sure of TS. This goal has remained elusive despite some
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novel attempts such as the use of time-integrated TS as anin, 2 h, 8 h, and 24 h postexposure at 0.5, 2.0, and 8.0 kHz.
index of PTS(Sitler, 1972; Kraak, 1973 Thorough reviews Details of the exposures and threshold testing protocols can
of TS phenomena can be found in the literat(gay., Ward, be found in Ahrooret al. (1993.
1973; Kraak, 1981; Mills, 1986 This paper presents an Correlations between TSs and PTS, over a broad range
analysis of the relation between TS measured at various posf audiometric test frequencies, were possible only for data
texposure times and the resulting PTS using a database obet I. Data from the three test frequencies measured in data
tained from over 900 chinchillas exposed to various noisessets Il and Il were used to verify and expand the observa-
tions made from data set |I.

From the postexposure threshold recovery function for

Il. METHODS each animal, the following three TS measures were obtained

All data were obtained from chinchillas that were usedfor correlation with PTS at the corresponding frequency:

in various noise-exposure experiments over a period of apil) TS, The first TS measured between 0 and approxi-
proximately 7 years in two different laboratories using dif- mately 20 min postexposure;
ferent experimental protocols. All animals were made mon<{2) TS,,... The maximum TS measured in the 0- to 24-h
aural by the surgical destruction of the left cochlea. Pure-  postexposure periotHamerniket al, 1988.
tone thresholds were measured in each animal using either(3) TS,,; The TS measured 24 h following removal from the
behavioral avoidance-conditioning techniquéPatterson noise.
et al, 1993 or evoked-response audiomet#hroon et al.,
1996. The electrode for recording the auditory-evoked po-
tentials(AEP) was implanted into the left inferior colliculus
during the monauralizing surgery. Following surgery all ani- The analysis presented below treats all TSs as equiva-
mals were allowed to recover for 2 weeks before any preextent, regardless of the type of noise expos(rentinuous
posure testing began. All animals were awake during threshactave band, continuous non-Gaussian, impact or impalse
old testing. The average of at least three separate threshaltquency spectrum that produced the TS.
determinations at each frequency obtained on different dayX
was used to define the preexposure audiogram. Following @
30-day postexposure recovery period, thresholds were mea- Some perspective on the relation between TS and PTS
sured again on 3 different days and averaged for each animaéan be obtained by plotting the PTS for each test frequency
to establish PTS. PTS was defined as the difference betwedrom each of the three data sétegether or separatelas a
the mean 30-day post- and preexposure audiograms. function of each of the three TS measures. An example of the
The TS data obtained from the 936 chinchillas that wereesulting scatter plots for the 0.5-, 2.0-, and 8.0-kHz test
used in this analysis were separated into the following threé&equencies for the entire data pool is shown in Fig. 1. The
data sets based on the type of noise exposure that was useldta at these frequencies represent the largest pool available
Data set | N=192): Acute exposures to broadband orfor analysis (=936). There is considerable variability in
narrow-band impacts having peak SPLs in the range 12¢he data. For example, during the early postexposure period
through 147 dB. All exposures lasted for 5 min. ThresholdqTS,) there are large numbers of animals that showT®s
were measured at 2 min, 1 h, 3 h, 6h, and 24 h postexposure 80 dB. After a 30-day recovery period, these same animals
at a number of frequencies using a behavioral avoidanceshow 0<PTS<10dB. Similarly, animals with, for example,
conditioning paradigm. Only thresholds at the octave inter60<TS<70 dB can show &.PTS<60 dB. While some rela-
vals of 0.125, 0.250, 0.5, 1.0, 2.0, 4.0, and 8.0 kHz were usetively small part of this variability is inherent in the experi-
in the following analysis. Details of exposure and thresholdmental methods, the largest component most likely reflects
testing procedures can be found in Pattersbal. (1993. variability in susceptibility (Ward, 1968 to noise, as has
Data set Il N=423): Acute exposures to high-level, been often reported in the literature especially following
broadband impulses having peak SPLs in the range 15npulse/impact noise exposures. For those animals with no
through 160 dB. Exposures lasted from a fraction of a secon®TS (i.e., —5<PTS<5 dB) the postexposure TSs can be
(e.g., a single impulseto 16.5 hourge.g., 100 impulses; 1 considered TTSs. Also seen in Fig. 1 is a number of animals
impulse every 10 min Thresholds were measured using with PTS< —5 dB despite having a broad range of TSs, re-
evoked-response audiometry recorded from the inferior colflecting either inadequately defined pre- or postexposure
liculus. TS measures were obtained 15 min, 2 h, 8 h, and 2thresholds or a “real” improvement in thresholds following
h postexposure at 0.5, 2.0, and 8.0 kHz. Details of the exporoise exposure. The animals presented in this analysis had
sure and threshold testing protocols can be found in Ahroopreexposure thresholds that were typically withid s.d. of
et al. (1996. the laboratory normgHamernik and Qiu, 2000with typical
Data set Il N=321): Five-day uninterrupted exposures test/retest reliability oft5 dB.
to broadband impacts, octave bands of noise, or combina- Because the data shown in Fig. 1 suggest both linear and
tions of these two classes of noise. These exposures praonlinear relations among the TS/PTS variables, a function
duced an asymptotic threshold shif{TS) (Blakesleeet al,  that would allow nonlinear anghearly) linear descriptions of
1978. Peak SPLs of the impacts ranged from 113 througtthe data of the form PTSa(e™#—1) was chosen to de-
125 dB and rms levels of the octave band noises varied bescribe the results of the three data sets. This relation allows
tween 86 and 95 dB. Threshold shifts were obtained at 1PTS to be zero with zero TS; it is nonlinear for small values

lll. RESULTS AND DISCUSSION

Scatter plots
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FIG. 1. Scatter graphs displaying
threshold shift immediately following
noise exposure (Tgp, maximum
threshold shift (TSay, and threshold
shift 24 h following exposure (T
with the corresponding permanent
threshold shifts at the 0.5-, 2.0-, and
8.0-kHz test frequencies for data sets
I, 11, and 1I.
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of the variableB and approaches linearity for larger values of for that bin. Examples of such a data reduction at the 2-kHz
B. A power series expansion of this function shows that thdest frequency for each of the data sets are shown in Fig. 2.
exponential becomes linear of the form PTG&/B)TS, for  [This statistical manipulatiorfor “pretreatment) has the

large values ofg, with a slope ofa/B and a zero intercept. added benefit of eliminating skewness in the predictor vari-

All bivariate regression and correlation analyses were com-
puted USINgDELTAGRAPH PROFESSIONALON a Macintosh
computer. The constants, 8, and coefficients of determi-

TABLE I. Coefficients of determinance {) and the constanis (dB) and3
(dB) for the exponential curve fit for the relation between PTS ang, TS
TShae @and TS, for all three data sets.

nancer2, which were obtained following a nonlinear regres-

sion analysis, for each frequency and data set are shown in TS TSmax TS,
Table I. In general_, the highest correlations were found for y, 2 o g 2 a B 2
the TS,/PTS relation. This was expected for at least two 5 |
. . s ata set
reasons(i) Since many of the severe exposure c:on(.jltlonso'125 047 238 900 054 39 354 058 172 695
produced a growth of T$Hamerniket al,, 1988 TS, will 025 057 280 932 059 32 343 062 198 771
underestimate the PTS alfid) a large part of the TTS com- 05 057 48.4 1406 065 55 443 0.66 64.7 183.2
ponent of CTS, which is arguably the most labile part, hast.0 055 614 163.0 066 7.8 504 0.67 483 1392
recovered during the 24-h postexposure perisde also 20 8-28 1‘;2-1 ;ig-g g-gg 3}1 ggé g-g‘; gi 1%%‘;
Pfanderet al, 1980. Also evident in this table are the typi- 045 2099 4802 051 67 470 053 265 885
cally smaller values of the constapt for the TS, data
compared to the Tsand TS, data. This can be explained by Data set Il
noting that TS, is equal to T for smaller(<30 dB) val- 9> 049 61 46 054 84 585 066 647 183.2
fTS. At these levels of TS NIPTS is small but increases” 054 72 466 059 L7 291 085 392 960

ues ot s , $0 033 64 496 032 35 369 064 99 451
rapidly when there is a postexposure growth of .,
when TS<TS;.0- Data set Il

The trends in this data are more clearly seen when th S 08423 34 034 23 344 058 421 119.0

: . ; . 031 49 439 032 101 664 065 248 724
predictor TS measurements are collapsed into 5-dB binsand, 926 75 601 027 70 576 050 6.9 360

the mean TS within the bin is plotted against the mean PTS

322 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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shifts at the 2.0-kHz test frequency for
data sets I, Il, and Ill. The solid curves
represent a least-squares approxima-
tion to the exponential functioffi(x)
=a(e"™F-1).

ables] In this figure, the abscissa represents the midpoint oNIPTS for relatively small values of TG Surprisingly, the

a TS bin and the ordinate is the mean PTS for the subjectsiopes of the 90th-percentile data are similar across fre-

displaying the TS measure within the 5-dB bin. In generalquency with a value of approximately 0.7, with no consistent

the graphs for each data set and each frequency were similghange in the rate of growth of PTS with frequency. The

and clearly show a positive relation between the TS variablefnear growth of NIPTS with increasing Tgin the 90th-

and PTS. The 5-dB bin analysis, as expected, yields deceprercentile analysis suggests that, in the chinchilla model, a

tively high correlation coefficients. modification of the Kryteret al. (1966 postulate(c) with a
factor of something less than 1.0 may be useful in estimating

B. Percentile results the NIPTS in the most susceptible chinchillas.

Noise-exposure criteria are typically designed to protectC Multiole .
a certain percentile of the exposed population from an NIHL.™ uttiple finear regression
Audiometric testing of employees in industrial settings is The exponential least-squares regression described
usually performed following a period of respite from the above relates a single predictor variable to the criterion PTS
noise environment. With such considerations in mind the envariable. Multiple regression and correlation methods allow
tire data set was analyzed using the same nonlinear functiathe association of more than one predictor variable to a
to relate TS, to the median and 90th percentile PTS data.single-criterion variable. Because of the limited frequencies
Figure 3 illustrates the exponential regression curves for theepresented in the TS data of sets Il and Il a multiple regres-
median(lower curve in each paneand 90th percentiléup-  sion analysis was best limited to data set I. Since PTS typi-
per curve PTS within each 5-dB Tg bin for the 0.5-, 2.0-, cally occurs over several audiometric test frequencies, such
and 8.0-kHz test frequencies for each data set. Each mediam analysis seemed appropriate. Thus, three sets of multiple
curve in Fig. 3 displays a nonlinear trend with increasingregression and correlation analyses were performed using the
TS,, while the 90th percentile results generally show linearPTS as the criterion variable and one of three TS measures as
trends. Figure 4 presents the ratio of thand g coefficients  the predictor variables using ts®ss(Release % statistical

from the exponential least-squares analysis of percentile dafzackage.

from all three data sets. The slopes of these curves at=l5 There are a number of multivariate regression tech-
(i.e., ratio ofa/B) for the median data are smaller than thoseniques used to make predictions or measures of relation be-
of the 90th-percentile data, indicating a slow growth oftween a criterion variable and a set of predictor variables

J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002 Hamernik et al.: Relation among threshold shifts 323
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(e.g., stepwise, forward entry, etclt seemed appropriate to model specified a forced entry of the first predictor variable
reference any multiple correlations with the correlations be-and then forward entry of any additional predictor variables.
tween any of the TS measures and PTS at a single test fréor example, the? between PTS at 2.0 kHz and 3t the
quency. Thus, the multiple regression/correlation model tha.0-kHz test frequency was approximately 0.64. Following
was chosen for the analysis of the TS data performed sepaiis calculation, the TS measure at the 1.0-kHz test fre-

rate bivariate regressions of the P{iterion variablg¢ and

quency was added and thé increased to approximately

the TS measurépredictor variablg at each test frequency. 0.66. At this point, adding any of the eight other ;} $nea-
Following the calculation of the least-squares regression lingures did not cause a statistically significant increase?in
and the associated?, multiple correlations were computed and therefore the multiple regression procedure stopped. This

by adding the TS measures at other test frequencies in demalysis was performed for all seven test frequencies and
scending order of importance. The addition of additionalthree predictor variables for data set I.

variables was stopped when the change in rthavas not

Table 1l lists ther? values from the multiple regression

significantly increased «=0.05). (That is, the analysis and correlation analyses. Each row in the table represents a

1.0 . )
I I il Data Set
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CO'_ 081 A O 0 90 percentile B
£l m}
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FIG. 4. The slopda/p) of the regression line at FSO derived from the
exponential least-squares regression equations between the megdjamd'S
the median and 90th-percentile PTS for all three data sets.
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summary of one complete multiple-correlation analysis. The
first set of columns lists the results from the bivariate corre-
lation. A second or third set of columns is presented if adding
another TS measure at a specified frequency significantly
improved ther? value reported in the previous column. Two
things are apparent from this table. First, as noted above, the
linear correlations between PTS and the TS measures are all
relatively high. Second, while the incorporation of additional
variables increases the correlation between the criterion and
predictor variables for most test frequencies and predictor
variables, this increase is relatively modest, ranging from no
increasg TS, at 0.125 kHz and T at 0.125, 1.0, and 4.0
kHz) to 0.07(TS; at 8.0 kH2. This largest difference repre-
sents a total of 7%45% to 52% change inr?, reflecting a

7% increase in the amount of variability in PTS that could be
explained based upon the variability of the ]I $ariables.

Hamernik et al.: Relation among threshold shifts



TABLE Il. Summary of multiple correlation analyses for data set I. the chinchilla population, following 10 years of exposure, 8
h/day is approximately equal {0.7) TS,, measured after an

kHz r? kHz r? kHz r2 .
8-h exposure to the same noise.
TS
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