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The effects of the amplitude distribution of equal energy
exposures on noise-induced hearing loss: The kurtosis metric

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

(Received 29 July 2002; revised 24 January 2003; accepted 25 Apri) 2003

Seventeen groups of chinchillas with 11 to 16 animals/graulN € 207) were exposed for 5 days

to either a GaussiafG) noise or 1 of 16 different non-Gaussiamn-G noises at 100 d&\) SPL.

All exposures had the same total energy and approximately the same flat spectrum but their
statistical properties were varied to yield a series of exposure conditions that varied across a
continuum from G through various non-G conditions to pure impact noise exposures. The non-G
character of the noise was produced by inserting high level trangiemtacts or noise burstinto

the otherwise G noise. The peak SPL of the transients, their bandwidth, and the intertransient
intervals were varied, as was the rms level of the G noise. The statistical metric, kignsis
computed on the unfiltered noisg(t), was varied 3<pB(t)<105. Brainstem auditory evoked
responses were used to estimate hearing thresholds and surface preparation histology was used to
determine sensory cell loss. Trauma, as measured by asymptotic and permanent threshold shifts
(ATS, PTS and by sensory cell loss, was greater for all of the non-G exposure conditions.
Permanent effects of the exposures increased(fasncreased and reached an asymptot@@j

~40. For B(t)>40 varying the interval or peak histograms did not alter the level of trauma,
suggesting that, in the chinchilla model, f@(t)>40 an energy metric may be effective in
evaluating the potential of non-G noise environments to produce hearing loss. Reducing the
probability of a transient occurring could reduce the permanent effects of the non-G exposures.
These results lend support to those standards documents that use an energy metric for gauging the
hazard of exposure but only after applying a “correction factor” when high level transients are
present. Computing on the filtered noise sign@B(f)] provides a frequency specific metric for the
non-G noises that is correlated with the additional frequency specific outer hair cell loss produced
by the non-G noise. The data from the abundant and varied exposure conditions show that the
kurtosis of the amplitude distribution of a noise environment is an important variable in determining
the hazards to hearing posed by non-Gaussian noise environmen00®Acoustical Society of
America. [DOI: 10.1121/1.1582446

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

I. INTRODUCTION sented in a 2-s window of silence in the otherwise continu-
ous G noise. More recently, Lait al. (1994 showed that
The continuum of noise exposures that produce hearingontinuous non-G noise exposures would produce more
loss runs from high level continuous Gaussié®) noise trauma than energy and spectrally equivalent G exposures.
through to military type impulse noise. Studies of noise-The non-G character of the noise was produced by the inser-
induced hearing losdNIHL ) using animal models have most tion of high-level noise bursts or impact transients into the
often used either various bandwidths of continuous G nois@therwise G noise. They showed that the increased trauma
or impact/impulse transients as the trauma-producing stimuyas related to the kurtosig(t), of the non-G signal. The
lus. Few experimental data are available on the effects of thgystematic relation between trauma metrics Attiiwas also
infinite types of noise that lie between these two extremesshown to be reflected in the spectral distribution of energy in
i.e., non-Gaussiafnon-G continuous noise. Industrial noise the transients that gave the noise its non-G character
environments are often non-G, nonstationary and contaifHamernik and Qiu, 2001 That is, for a fixed long-term
high-level noise bursts and/or impact sources. spectrum and energy and a constgfi}, trauma was directly
Hamerniket al. (1974 combined high-level noise im- yglated to the bandwidth of the transient stimulus. They also
pulses of the Friedlander type Wit G continuous noise t0 showed that over a limited range gBft) the frequency spe-
produce a continuous non-G signal. Chinchillas exposed tgjfic kurtosis/(f), computed on the filtered noise signal, was
this noise showed a disproportionate increase in permaneqe| correlated with the additional frequency specific OHC
threshold shif(PTS and sensory cell loss than that produced)qgg produced by the non-G noise relative to the G control
by either the continuous or impulse noise alone. This potenzgndition. These and other animal model experimédtsn
tiation of trauma was eliminated when the impulse was preg; al, 1991; Lataye and Campo, 1996s well as industrial
epidemiological datdThiery and Meyer-Bisch, 1988sug-
dElectronic mail: roger.hamernik@plattsburgh.edu gest limitations on the use of energy-based metrics such as

386  J. Acoust. Soc. Am. 114 (1), July 2003 0001-4966/2003/114(1)/386/10/$19.00 © 2003 Acoustical Society of America



TABLE I. Summary of exposure conditions

Noise Peak range L,-background
Group no. type? N B(t) (dB SPD Impulse probability Leq (dBA)
43 (1) 16 3 - - -
44 2 11 25 [115, 12§ 0.6 95.5
51 2 12 75 [118, 139 0.6 91
52 2 11 53 [123, 127 0.6 92.6
53 ) 12 61 [117, 139 0.2 94
54 ) 11 25 [115, 12§ b 94
60 (2 16 39 [115, 129 0.6 93.5
63 2 11 95 [116, 128 0.6 0
64 2 12 12 [116, 124 0.6 97
49 ) 12 33 [115, 129 0.6 91.5
55 ©) 12 25 [115, 129 0.6 94.5
65 ®) 12 105 [127, 133 0.1 0
66 3) 12 15 [113, 127 0.6 96
68 3) 11 65 [128, 133 0.1 96
70 (4) 12 27 [104, 1153 0.6 91.3
71 3) 12 55 [128, 133 0.6 0
72 ©) 12 27 [125, 134 0.1 96.5

“Noise type:(1) Broadband Gaussiafi?) Non-Gaussian noise, with or without a Gaussian background com-
ponent defined by . The transients which provide the non-Gaussian character of the noise were impacts
created from three 400-Hz bands of energy centered at 1, 2, and 4XtBame as if2) except the transients

are broadban@710-5680 Hz for group 49 and 1-10 kHz for groups 55, 65, 66, 68, 71, and4j For this
exposure the transient was a broadb&ftD—5680 Hz noise burs{100 mg having a rms SPL between 104

and 115 dB.

PImpacts occur regularly 1/1.5 s.

the Leq which are the foundation of current internationalB. Histology
standards.

The data presented here extend the results ofeLeal.
(1994 and Hamernik and Qi@2001) by (1) extending the
range ofB(t) for each of two series of exposures whose tran
sients have different spectra, at®) varying the probability
of the occurrence of a transierfi(t) was varied by changing
both the interval and peak histograms of the noise signal.

Following the last AEP test protocol, each animal was
euthanized under anesthesia and the right auditory bulla re-
moved and opened to gain access to the cochlea for perfu-
“sion. Fixation solution consisting of 2.5% glutaraldehyde in
veronal acetate buffdffinal pH=7.3) was perfused through
the cochlea. After 12 to 24 h of fixation the cochlea was
postfixed in 1% OsQ in veronal acetate buffer. Surface
preparation mounts of the entire organ of Corti were pre-
Il. METHODS pared and IHC, OHC populations were plotted as a function

Two hundred and seve(207) chinchillas (between 1  Of frequency and location using the frequency-place map of
and 2 years old random]y distributed among 17 exposure Eldredgeet al. (19812). Missing cells were identified by their
groups, were used as subjects. Each animal was made mdtharacteristic phalangeal scars. For purposes of this presen-
aural by the surgical destruction, under anesthesia, of the lef@tion, sensory cell population data is presented as group
cochlea. During this procedure a bipolar electrode was imaveragesin percent or numbers missingaken over octave-
planted, under stereotaxic control, into the left inferior colli- band lengths of the cochlea centered on the primary AEP test
culus and the electrode plug cemented to the skull for thérequencies.
recording of auditory evoked potentid SEP). The AEP was
used to estimate pure tone thresholds and surface prepar@- Noise exposures
tions of the organ of Corti were used to estimate the inner
and outer hair cel(lIHC, OHC) populations. Additional de-
tails of the experimental methods, beyond those present
below, may be found in Ahroost al. (1993.

The noise field was monitored with a Larson Davis 814
spund level meter equipped with Zin. microphone. The
eéﬁoustic signal produced by the Electro-Voice Xi-1152/94
speaker system was transduced by aeBrand Kjaer3-in.
microphone(Model 4134, amplified by a Brel and Kjeer
(Model 2610 measuring amplifier and fed to a Windows
AEP audiograms were measured at octave intervals frorRC-based analysis system. The design and digital generation
0.5 to 16.0 kHz. The meafin dB SPL of three threshold of the acoustic signal is detailed in Hsueh and Hamernik
determinations measured on different days defined each anit990, 1991
mal’'s pre- and 30-d post-exposure audiogram. A complete  During exposure, individual chinchillas were confined to
audiogram was measured once daily during each of the Bages (1& 11x 16 in3) with free access to food and water.
days of the exposures and the averdigedB SPL) taken The 17 groups of animals were exposed to one of the expo-
over the 5 days established the mean asymptotic threshoklire protocols outlined in Table I. The exposure field was
levels and shifts. uniform to within 2 dB. The exposures lasted 24-h/day for 5

A. Threshold testing
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400-Hz bands of energy centered at 1, 2, and 4 kHz. The
other class was produced using broadband impacts that de-
rived their energy from the 710-5680-Hz or 1-10-kHz re-
20 504 L gion of the spectrum. The former are referred to as the “three
L band” and the latter as the “broadband” non-G exposures.
b p j;; I The transient peak levels were randomly varied between the
r limits indicated in Table | and the probabilityp) of an im-
%0 T . 1 pact or noise burst occurring in a 750-ms window was set at
either 0.6 or 0.1 except for groups 53 and 54. Peak and
interval histograms, which varied for each condition, were
constructed for each of the exposure conditions gftdand
B(f) were computedB(f) was computed on octave band-
. widths of the filtered signal centered at the audiometric test
FI(_B. 1. The average spectrum of a 40-s sample of one of the noise ggnal}fr.equenCies to provide, in effect, a “kurtosis spectrum.”
This long-term spectrum was common to all 17 noise exposures. Inset: ! ’

15-s sample of one of the non-Gaussian waveforms. The peak SPL was

randomly varied and the probability of an impact occurring in a 750-ms|||. RESULTS AND DISCUSSION
window was 0.6.

Pressure (Pa)
o

IS
S
1

Relative Level (dB)

-60

Frequency (kHz)

A. Noise analysis

days and were interrupted once daily for approximately  Figure 1 shows the average spectriralatively flat,
20-30 min. for AEP testing. The 5-day continuous exposurebroadbanyl obtained from a 40-s sample of the digitized
produced an asymptotic threshold sHTS). waveform. This long-term spectrum was common to each of
Each exposure had in common approximately the samthe 17 different exposure conditions. The inset shows a 15-s
flat spectrum between 0.125 and 10.0 kHz shown in Fig. ample of one of the non-G, nonstationary waveforms. Fig-
and was presented at an @00 dBA). This level was ures Za) and(c) show the spectra of the “three band” and
chosen so that the G exposure condition would produce corthroadband” impact transients that produced the non-G sig-
sistent but relatively small permanent changes in hearing andals along with a sample waveform. A second type of broad-
sensory cell populations. The 17 exposures differed only ifband(0 to 10 kH2 transient stimulus, whose spectrum is not
their temporal structures, which were designed to produce &hown, was used for the exposure of groups 55, 65, 66, 68,
G and 16 non-G exposure conditions. The non-G condition§1, and 72. Figures(B) and(d) show typical complementary
were designed in the frequency domain as described bgpectra of the G components of the two broad classes of
Hsueh and Hamernik1990, 1991 and were the result of non-G signals. Table Il presents the octave band and overall
inserting impacts or noise burstgroup 70, whose spectra levels of each noise exposure. Values shown are the mean
were complementary to the background G noise, into theralues obtained from eight 40-s samples of the digitized
otherwise G signal. Two classes of non-G signals that incorwaveform.
porated impacts were generated. One was produced by in- Amplitude histograms for four of the non-G exposures
serting impact transients that were generated from threare shown in Figs. @)—(d). These were constructed

0 L | : | L | L | | 0 i L L | s | s |
Group 44 Group 49
i) o
ke k=)
%-20— %’-20
g g
— —
o © FIG. 2. The upper panels show the
% 40 -(% 40 spectrum of (a) one of the “three
T o) band” impacts that was created from
T o three 400-Hz bands of energy centered
on 1.0, 2.0, and 4.0 kHz ar(d) one of
-60 T T T f -60 T T T the “broadband” impacts that derived
0 2 . 4 6 8 10 0 2 4 6 8 10 its energy from the 710-5680-Hz re-
requency (kHz) Frequency (kHz) gion of the spectrum. The insets show
0 L ! I | 0 ! L 1 : sample impact waveforms. Panély
. and (d) show the respective comple-
— — mentary spectra of the Gaussian noise
g g which was mixed with the impacts to
5 20 - g 20 - create the non-Gaussian noise expo-
3 Pt sures. Group numbers 44 and 49 iden-
Py P tify the specific exposures outlined in
= 2 Table I.
= -40 =5 40 L
@ T
o o
) (C)]
-60 T T T T T T T -60 T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Frequency (kHz) Frequency (kHz)
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TABLE II. Total and octave band sound pressure leelB SPL over the 5-day exposure period for all

experimental groups.

Octave band

cf (kHz)
Mean Mean
Group no. 0.5 1 2 4 8 16 Leq Leq(A) s.d.
43 89 89 88 91 99 98 103 100 0.04
a4 82 93 95 95 95 95 101 100 0.26
49 86 95 94 96 93 93 101.5 101 0.65
51 84 97 93 93 91 89 101 100 0.89
52 88 98 94 94 93 94 102 101 0.18
53 87 97 93 93 94 94 101 100 0.81
54 86 97 93 93 94 96 102 100 0.40
55 93 93 89 91 97 93 102 100 0.77
60 86 96 92 93 92 93 101 100 0.67
63 85 98 92 92 83 77 100 100 0.44
64 88 96 93 95 96 96 103 101 0.39
65 96 95 89 90 94 84 103 100 0.35
66 91 91 90 94 99 95 103 100 0.17
68 95 94 89 92 97 94 103 101 0.52
70 86 93 93 96 93 94 101 100 0.34
71 95 93 90 94 97 86 103 100 0.45
72 92 91 89 94 98 95 103 100 0.52

7 5
6
Group 44 4 Group 53
5
34 55
£ s E
b zZ 2
2
1] H
Lol R el ) e d Gt Y ‘.M\v 0+ b L Loa i e ) e | v
114 116 118 120 122 124 126 128 114 117 120 123 126 129 132
Peak Amplitude (dB SPL) Peak Amplitude (dB SPL)
5 15
d
o Group 52 “
ro
. 104 HP
@ 3 @
Q0 Qo
: :
24
z Z g
14 f
o ol I 04— [l
116 118 120 122 124 126 128 116 118 120 122 124 126 128
Peak Amplitude (dB SPL) Peak Amplitude (dB SPL)
4
20 -
(e) ()
154 Group 44 3 Group 65
o] 9]
£ 10 € 24
> =}
z z
5 1
0 0 M T T
4 6 8 10
Time (s) Time (s)
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FIG. 3. Panels(@—(d) show impact
peak histograms from a 40-s sample of
the exposures identified in each panel.
Panelge) and(f) show impact interval
histograms for impact probabilities of
0.6 and 0.1, respectively.
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FIG. 4. The kurtosig3(t) computed on sample windows varying from 1 to
80 s for two of the non-Gaussian exposure groups 44 ang@Breaches a

relatively stable value for windows greater than about 30 s.

110 L . !
— —l— Mean ATS @
m
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2
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FIG. 6. (@) The group mean asymptotic and permanent threshold shifts
(ATS, PTS for group 43 exposed to the Gaussian noise. ATS is the average
of the daily AEP threshold estimates over the 5-day exposure. PTS is the
average of three threshold estimates taken 30 days postexp@suféhe
group mean percent outer and inner hair 8HC, IHC) loss averaged over
adjacent octave band lengths of the basilar membranes &andard error.
Total average numbers of IHCs and OHCs missing and standard errors are
also given.

from a 40-s sample of the noise. Since the peak levels were
randomly generated, each sample of the signal will yield a

different histogram. These histograms, however, illustrate
that the net effect of randomizing the peaks is to produce
very different distributions for each of the non-Gaussian ex-
posures. Note that for group 52 the peak SPLs are, by design
nearly constant. The peak interval histograms for two expo-
sure conditions illustrated in Figs(e3 and(f) reflect the 0.6
and 0.1 probability of an impact occurring in a 750-ms win-

Threshold shift (dB)

dow respectively. Note that for group 54 the impacts were
presented at a constant rate of 1/1.5 s and that the probability

40 ' :

Lab norms £1SD

—@— Mean (N=207) N =924

)

20

Threshold (dB SPL

Frequency (kHz)

average based oN=924 animals. The shaded region representme

resent one standard error of the mean.
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FIG. 7. (a8 The group mean asymptotic and permanent threshold shifts
(ATS, PTS for group 44 exposed to a non-Gaussian noise. ATS is the
average of the daily AEP threshold estimates over the 5-day exposure. PTS
FIG. 5. The meanN=207) AEP audiogram for the animals used in the is the average of three threshold estimates taken 30 days postexgbgure.
various exposure conditions outlined in Table | compared to the laboratoryThe group mean percent outer and inner hair @HC, IHC) loss averaged
over adjacent octave band lengths of the basilar membrane. Bars
standard deviation of the laboratory standard. Bars on the data points rep=standard errors. Total average numbers of IHCs and OHCs missing and
standard errors are also given.

Hamernik et al.: Amplitude distribution effects



80 500

W Gaussian O 3Band (a) B Gaussian O 3Band (@)
70 1 %52 l $63 T 00|
— 44 T 53 T + x~ 52
a 64 54 T 60 l T 51 0 s
e 51
60+ ® 400 J
[ 8 58
2] o
':( 50 O 2004
5
43 y=66/(1+Exp((1.3-)/2.8)) p
40 ‘[ .se RA2 = 0.95 o 1004 y=342/(14+Exp((16.7-x)/10.6))
1 O A =
RA2 = 0.89
=
30 T T T T T T T T T T C T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 .70 8 9 100 110
(1) B()
30
90 > ®)
(b} B Gaussian O 3Band
Broadband 63
~—~ 804
an} y=73.7/(1+Exp((-0.3-x)/9.2)) ; R2 = 0.97
k=l o 60 $ I
" 71 20 52 453
5 Gos < 11
@ - " 64 o4 51
[dp] - y=66.6/(1+Exp{(-2.5-x)/8.3)}; R"2 = 0.98 [¢p] 44
= 804 =
<C o .
10
50-{
y=19/(1+Exp((7.8-x)/2.6))
T :se —— P=08 RA2 = 0.77
40 - ——-  P=01 I se
43
O T T T T T T T T T T
30 T T 7 7 T T 7 T T T 0 10 20 30 40 5 60 70 80 90 100 110
0 10 20 30 40 SOB )eo 70 80 9 100 110 B(Y)

FIG. 8. The group mean asymptotic threshold shift averaged over the 0.351G. 9. (a) The group mean number of outer hair celBHC) lost in the
1.0, and 2.0 kHz AEP test frequencietTSs 1 9 as(t) is increased fofa) 0.5-kHz octave band region of the basilar membrane(Bnthe group mean
the “three band” class of non-Gaussian noise expost@sand (b) the  yormanent threshold shift measured at the 0.5-kHz test frequENTS) as
“broadband” class of non-Gaussian noise exposui@s P=0.1; @, P B(t) is increasedO =the “three band” class of non-Gaussian noise expo-

:O.§). H=the Ggussian r_eference exposure. Bastandard errors. The  sures M =the Gaussian reference condition. Batandard error. The non-
nonlinear regression equation and the coefficient of determinatfinafe  jinear regression equation and the coefficient of determinatidh ére

given. given.

of an impact occurring in group 53 was set at 0.2.

The kurtosisg of the sample distribution is defined as
the ratio of the fourth-order central moment to the square
second-order central moment of the distributignis sensi-
tive to the various parameters that define a complex nois
such as the levels and durations of the transients, tempor
structure of the noise, the crest factor, etc., as well as to th

Figures 6 and 7 show examples of complete data sets for
éwo of the exposure conditions; group 43, the &t)=3
reference condition, and group 44, a nong&gt) =25 condi-
tion. The upper panels present the group mean ATS and PTS
ﬁihile the lower panels show the corresponding cochleo-

rams. Total OHC and IHC losses are also presented along

. . S with the standard errors. These two figures illustrate one of
duration of the noise sample over whighis computed. The h : -

e consistent findings to emerge from all of these exposures.

values of B8 presented in Table | are an average compute e . s

over eiaht 40-s sample of the noise. Figure 4 shows the tvpi pecifically, for an equivalent spectral distribution of energy
Ver €ig : P! IS€. Figu W YPand total energy, the non-G exposures produce more ATS,

cal asymptotic behavior g8 for two of the exposure condi-

. S . PTS and sensory cell loss than does the energy equivalent G
tions as the sample duration is increased. For all the nois y gy €q

. . Sxposure. Similar data summaries were prepared for the
conditions usedp reached an approximately constant value P brep

for a sample window duration of approximately 40 s Orother 15 exposure conditions. It is from data files such as
more P PP y these that all the remaining figures are derived.

Figure 8 shows the mean ATS averaged over the 0.5-,
1.0-, and 2.0-kHz test frequencie&TS;s ; ) for the “three
band” (upper panel and the “broadband’(lower panel

Mean AEP preexposure thresholds for all animai ( non-G exposuregNote: The “three band” and ‘broadband’
=207) are compared to the laboratory standate-©24) in  designations in this and remaining figures refer to the spec-
Fig. 5. Standard errors were small and all animals and groupsal content of the transients that produced the non-G noise
fell within = one standard deviation of laboratory norms andexposures. The numbers next to the datum points in this and
reported thresholds for the chinchili&ay, 1988. ANOVA  subsequent figures refer to exposure conditions shown in
analysis indicated no statistically significant effect of group.Table 1) The lower test frequencies were chosen for this
In this and all other figures bars denote the standard erroaverage because the ATS levels at the higher test frequencies,
Where a bar is not shown, the standard error was less thdor the non-G conditions, reached or exceeded the upper lim-
the size of the datum symbol. its of our AEP testing system. For all exposure conditions

B. Audiometric and histological effects of exposure

J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003 Hamernik et al.: Amplitude distribution effects =~ 391
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B FIG. 11. (a) The group mean number of outer hair c&lBHC) lost in the

0.5-kHz octave band region of the basilar membrane(bBnthe group mean
FIG. 10. (&) The group mean number of outer hair cglBHC) lost in the  permanent threshold shift measured at the 0.5-kHz test frequeTSs] as
4.0-kHz octave band region of the basilar membrane(Bnthe group mean  gt) is increased for the “broadband” class of non-Gaussian noise expo-
permanent threshold shift measured at the 4.0-kHz test frequ&¥;) as sures.®, P=0.6; O, P=0.1; B=the Gaussian reference condition. Bar
B(1) is increasedO =the “three band” class of non-Gaussian noise expo- =standard error. The nonlinear regression equations and the coefficients of
sures.ll =the Gaussian reference condition. Batandard error. The non-  determination ?) are given.
linear regression equation and the coefficient of determinatidh ére
given.
The permanent effects of these exposures, quantified by
L PTS and OHC loss, are presented in Figs. 9-14. Figures
shown in Fig. 8a), ATS 5 ; ;exceeded that produced by the G 9-12 [(a) panel§ show OHC losses in the octave band
noise(group 43 by 20 dB or more and was relatively con- length of the basilar membrane centered at 0.5 and 4.0 kHz,
stant across the eight different non-Gaussian exposure comthile the (b) panels show the corresponding PTS for the
ditions regardless of the statistical properties of the non-Gthree band” (Figs. 9 and 1pand “broadband”(Figs. 11
noise. The exposure of group &e end point of this se- and 12 conditions. As seen with the ATS data, there is a
guence of exposurggonsisted of a sequence of random consistent increase in the PTS of up to 35 dB and very large
transients of the type shown in Figdaand(b), i.e., there increases in OHC loss for the non-G conditions. Generally
was no background G component,60). Thus, although the greatest differences between the G and non-G conditions
group 63 has a different spectrum, it represents the end of were found in the “broadband” groups fg8(t)>30. This
continuum of exposures that start with the G exposure ofesult is in agreement with the data of Hamernik and Qiu
group 43. Note that in order to increagé) the level of the (2001). The asymptotic behavior of both PTS and OHC loss
G component of the non-G exposures was gradually reducefdr B(t)>~40 is also reflected in the frequency specific per-
from a high of 97 dB for group 64, to 91 dB for group 51, manent losses. In the “broadband” conditions the exposures
and finally to zero for group 63, i.e., the crest factor waswith P=0.1 consistently showed less permanent effects
increased. A similar presentation of data is shown in Figwhile in the “three band” conditions groups 53 witR
8(b) for the “broadband” conditions and for two different =0.2 and 54 with impacts occurring at a constant rate of
probabilities P=0.6 andP=0.1) for generating the tran- 1/1.5 s produced permanent effects that were similar to the
sients in the non-G noise. For the “broadband” non-G expo-P=0.6 exposure conditions.
sures ATSs 1 gradually increased g8(t) increased and ap- Figures 13 and 14 show the group mean total number of
peared to reach an upper limit apgé) of approximately 40, OHCs lost and the mean PTS computed at 2.0, 4.0, and 8.0
of about 75 dB for the®=0.6 condition and 65 dB for the kHz (PTS 4 g for all exposure conditions. These frequencies
P=0.1 condition. This is about 30 and 20 dB respectivelywere chosen for an average index of trauma since they gen-
greater than that produced by the G condition. Note also irrally showed the most PTS. There is a consistent relation
this series of exposures that groups 71 and 65 were exposeetweens(t) and the number of missing OHCs. In the “three
to pure impact noise. band” non-G exposures, OHC loss exceeded that found fol-
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FIG. 12. (a) The group mean number of outer hair cdlBHC) lost in the .
) . FIG. 13. (a) The group mean total number of outer hair cé#HC) lost and
4.0-kHz octave band region of the basilar membrane(anthe group mean (b) the group mean permanent threshold shift averaged at the 2.0-, 4.0-, and

permanent threshold shift measured at the 4.0-kHz test frequ&icyX as . = i _ «
B(t) is increased for the “broadband” class of non-Gaussian noise exp0-8'0 kHz test frequenciesPlS, 4o as B is increasedO=the “three

. . band” class of non-Gaussian noise exposullls:the Gaussian reference
sures.®, P=0.6; O, P=0.1; B=the Gaussian reference condition. Bar o P . .
=standard error. The nonlinear regression equations and the coefficients c?nd!tl_on. Bar- stand_ard‘error. The _nonI|near regression equation and the
L o . oefficient of determinationrf) are given.
determination (<) are given.

Gaussian noige In agreement with the results of Let al.

lowing the G exposure by a factor of 5. The increased OHG1994 and Hamernik and Qi(2001), these examples illus-
loss was even greater for the “broadband” conditions.trate the relatively close relation betweg(f) and the addi-
F?u,s in the non-G conditions exceeded that produced b)xional OHC loss produced by non-Gaussian noise exposures.
the G condition by 20 to 35 dB depending on the spectral
features of the noise. There were no differences in the PeL SUMMARY AND CONCLUSIONS
manent effects among exposure groups 60, 52, and 53. For
group 53 the peaks were random and the probability of oc-  Under a variety of exposure conditions the results pre-
currence was 0.2, while for exposure of group 52 with sented here agree with our earlier res(ftamernik and Qiu,
=0.6, the peaks were kept relatively const@hty. 3(d)].  2001; Leiet al, 1999 in showing the following(1) Non-G
Note also that in Fig. 14 the level of trauma sustained bynoise exposures produce more hearing trauma than do energy
group 70 from a non-G exposure that incorporated noisand spectrally equivalent G noise exposures. This is true
bursts havingP=0.6 instead of impacts was considerably whether the transients that produce the non-G character of
reduced compared to group 55 that had similar statisticathe noise are impacts or noise bur&sy., group 70 (2) The
properties but incorporated impacts. The trauma in group 78tatistical metric, kurtosi§g), in conjunction with an energy
fell roughly near the “broadband” impact conditions with metric can identify hazardous exposure conditions not iden-
P=0.1. The asymptotic behavior of the regression lines irtified by conventional energy based metrics alone. In the
Figs. 13 and 14 would indicate that, for the chinchilla model,chinchilla model, PTS and OHC loss are monotonically re-
under our limited exposure conditions, the use of an energlated to8(t) over the range & B(t)<40. (3) The extent of
principal as proposed a number of years ago by Martirtrauma is related to the bandwidth of the transients that give
(1976 and others may be useful for the evaluation of non-Gthe noise its non-G characté4) A frequency specific kurto-
noise but only forg(t)>40. sis B(f) can be computed on the filtered acoustic sigBéi)
Figure 15 illustrates, for three of the exposure condi-is well correlated with the frequency-specific OHC loss pro-
tions, the relation between the(f) spectrum and the fre- duced by non-G noise exposures relative to the energy and
quency specific excess OHC loss produced by the norspectrally equivalent G exposures.
Gaussian exposurgg.e., the OHC loss produced in each The results in this paper also extend our earlier results
octave band by the non-Gaussian minus that produced by th®/ showing the following:
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FIG. 14. (a) The group mean total number of outer hair cé084C) lost and
(b) the group mean permanent threshold shift averaged at the 2.0-, 4.0-, and

8.0-kHz test frequencieP(TS, 4 9 asp(t) is increased for the “broadband”
class of non-Gaussian noise exposul®s.P=0.6; O, P=0.1; B=the
Gaussian reference condition. Bastandard error. The nonlinear regression
equations and the coefficients of determinatiof) (are given.

(1) For B(t)>~40 and a fixed probabilityR) of a transient
occurring, the degree of trauma as measured by ATS,
PTS, or OHC loss remains constant despite changes in
the statistical characteristics of the noise exposure. That
is, varying the amplitude or the interval histogram of the
transients had no effect on the indices of trauma. These
variables are incorporated in the kurtosis metric. The
function relating trauma t@(t) reaches an asymptote for FIG.
B(t)>~40. The asymptotic behavior of the function r o th
lating the indices of trauma tg@(t) for P=0.6 andP B(f).
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15. Three examples of the relation between the increased octave band

e- percent outer hair cell loss produced by the non-Gaussian exposure relative

e energy equivalent Gaussian exposure and the “kurtosis spectrum”
A%OHC loss-=the percent OHC loss produced in a given octave band

=0.1 suggests that, over a range of values of the kurtoregion by the non-Gaussian noise minus that produced by the Gaussian
sis, an energy-based approach can be used to assess thige.

potential of an exposure to produce trauma. This result
supports the approach in some standards document8)
(e.g., 1SO-1999, 199that assign a “correction” factor

for noise environments that contain impacts. There does
not appear, however, to be experimental justification for
what the value of the factor should be.

(2) Decreasing the probability of a transient occurring from
P=0.6 toP=0.1 reduced the degree of trauma for the
exposures that incorporated broadband impacts. This
would be expected since in the limit &goes to zero,
the exposure approaches the G condition. However, for
the “3 band” series of exposures neither tiffe=0.2
(group 53 nor the constant impact presentation rate
(group 54 showed a level of trauma that differentiated
these groups from those with exposures hag0.6.
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One of the exposureggroup 70 used random noise
bursts instead of impacts to produce the non-G exposure.
The trauma produced by this exposure, while greater
than that produced by the G noise, was significantly less
than that which was produced by the exposure condi-
tions for group 55. The exposures for groups 55 and 70
had approximately the sangt) and differed only in the
envelope of the transient ang LAlthough the envelope

of the transient and its rise time are incorporateg(t),

B(t) alone could not be used to differentiate between
these exposures. However, when data from two groups
that used noise burst transients to produce non-G noise
in the Leiet al. (1994 paper are compared with the re-
sults of group 7QFig. 14(@)], a trauma versug(t) func-
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tion emerges that parallels the function derived from theratory Animals,” prepared by the Committee on Care and
impact data. Specifically, in the Lei al. paper, groups Use of Laboratory Animals of the Institute of Laboratory
CN VIl with 8(t)=21 and CN IX withB(t)=10 showed Animal Resources, National Research CoufidiHHS Pub-

an increased trauma relative to the G condition as seelication No. (NIH) 86-23, revised 1985

with our group 70 withg(t)=27. The data from these

three conditions are well ordered with respectAa).

This suggests that corr.ectlon factors'ln stapdards .needAhroon, W. A., Hamernik, R. P., and Davis, R.(1993. “Complex noise

to be used not only for impact contgmlng NOISE eNVIroN- exposures: An energy analysis,” J. Acoust. Soc. A8, 997—1006.

ments but also for any non-G environment whether omunn, D. E., Davis, R. R., Merry, C. J., and Franks, J(F991). “Hearing
not the transients are impacts_ Note further that for the loss in the chinchilla from impact and continuous noise exposure,” J.

three exposures identified above there is a linear relatioeﬁfgé‘;; S[;’CHAmj”ﬂ'eigzg_Dlgiia Bohne, B. A198D. “A frequency-

betweer? traum_a anﬁ(t) With, as.in the case of impacts,  position map for the chinchilla cochlea,” J. Acoust. Soc. A68, 1091—
trauma increasing with increasirg(t). For these expo-  1095.
sures havingB(t)<40, any asymptotic behavior of the Fay, R. A.(1988. Hearing in VertebrategHill-Fay Associates, Winnetka,

trauma versusB(t) function could not be determm?,d' Hamernik, R. P., and Qiu, W2001). “Energy-independent factors influenc-
!\IOte also Fhat the data from the two exposure cqndltlons ing noise-induced hearing loss in the chinchilla model,” J. Acoust. Soc.
in the Lei etal. paper that employed impacts.e., Am. 110, 3163-3168. _

Groups CN VI and IX and whose statistical properties Hamernik, R. P., Henderson, D., Crossley, J. J., and Salvi, RL9T4.

diff tf th din th t fall “Interaction of impulse and continuous noise: audiometric and histologi-
were direrent Trom those used In the present paper, 1a cal effects,” J. Acoust. Soc. AnE5, 117—121.

along the asymptotic line determined by the=0.6 €x-  Hsueh, K. D., and Hamernik, R. P1990. “A generalized approach to
posure conditiongFig. 14). random noise synthesis: Theory and computer simulation,” J. Acoust. Soc.
Am. 87, 1207-1217.

In conclusion, the data from the abundant and varied?sueh K. D., and Hamernik, R. PL991. “Performance characteristics of
L . . a phase domain approach to random noise synthesis,” Noise Control Eng.
exposure conditions show that the kurtosis of the amplitude ; 35 13_32.

distribution of a noise environment is an important variableiSo-1999(1990. International Organization for Standardization, “Acous-

in determining the hazards to hearing posed by non-Gaussiariics: Determination of occupational noise exposure and estimation of
; ; noise-induced hearing impairment,” ISO-1999, Geneva.
hoise environments. Lataye, R., and Campo, £.996. “Applicability of the L.qas a damage-risk
criterion: An animal experiment,” J. Acoust. Soc. A9, 1621-1632.
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