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Energy-independent factors influencing noise-induced hearing
loss in the chinchilla model

Roger P. Hamernika) and Wei Qiu
Auditory Research Laboratory, State University of New York, 107 Beaumont Hall, Plattsburgh,
New York 12901

~Received 21 February 2001; revised 17 August 2001; accepted 20 August 2001!

The effects on hearing and the sensory cell population of four continuous, non-Gaussian noise
exposures each having an A-weighted Leq5100 dB SPL were compared to the effects of an
energy-equivalent Gaussian noise. The non-Gaussian noise conditions were characterized by the
statistical metric, kurtosis~b!, computed on the unfiltered,b(t), and the filtered,b( f ),
time-domain signals. The chinchilla (n558) was used as the animal model. Hearing thresholds
were estimated using auditory-evoked potentials~AEP! recorded from the inferior colliculus and
sensory cell populations were obtained from surface preparation histology. Despite equivalent
exposure energies, the four non-Gaussian conditions produced considerably greater hearing and
sensory cell loss than did the Gaussian condition. The magnitude of this excess trauma produced by
the non-Gaussian noise was dependent on the frequency content, but not on the average energy
content of the impacts which gave the noise its non-Gaussian character. These results indicate that
b(t) is an appropriate index of the increased hazard of exposure to non-Gaussian noises and that
b( f ) may be useful in the prediction of the place-specific additional outer hair cell loss produced
by non-Gaussian exposures. The results also suggest that energy-based metrics, while necessary for
the prediction of noise-induced hearing loss, are not sufficient. ©2001 Acoustical Society of
America. @DOI: 10.1121/1.1414707#

PACS numbers: 43.64.Wn, 43.66.Ed@MRL#
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I. INTRODUCTION

Contemporary noise standards~e.g., ISO-1999, 1990
ANSI S3.44, 1996! are based on the assumption that an
ergy metric such as the equivalent noise level (Leq) is suffi-
cient for estimating the potential of a noise stimulus to ca
noise-induced hearing loss~NIHL !. While the Leq may be an
adequate index for estimating the hazard associated with
posure to Gaussian, steady-state noise exposures, such
sures are more typical of controlled laboratory experime
rather than industrial noise environments. The latter are o
non-Gaussian, with a sound-pressure level~SPL! that varies
over the course of the workday and is punctuated by hi
level impulsive components or other type of noise transie
Available data, from laboratory-based experiments~Lei
et al., 1994; Dunnet al., 1991!, as well as epidemiologica
studies ~Passchier-Vermeer, 1983; Sulkowskiet al., 1983;
Thiery and Meyer-Bisch, 1988! indicate that while an energ
metric may be necessary, it is not sufficient for the predict
of NIHL. Other variables of the noise exposure must be c
sidered. Unfortunately there are a large number of stimu
variables that can be used to characterize a complex n
environment.

Experimental studies such as those of Clarket al. ~1987!
and others have shown the importance of the temporal st
ture of an exposure on the threshold shift~TS! dynamics
following exposures to various interrupted noises. Since te
poral variables do not affect an energy metric and since th
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are an infinite number of very different noise exposures ch
acterized by the same Leq, it seems reasonable that a metr
that would incorporate both temporal and level variab
might be a useful adjunct to the Leq metric. One such metric
is the kurtosis,b, of a sample distribution which is defined a
the ratio of the fourth-order central moment to the squa
second-order central moment of the distribution. Erdre
~1986! was perhaps the first to suggest the use of kurtosi
identify/characterize impulsive noise environments for app
cation to hearing conservation strategies. This statistic, u
to estimate the deviation of a distribution from the Gaussi
can be computed on the unfiltered,b(t), and the filtered,
b( f ), time-domain signal. With non-Gaussian signals,b( f )
can serve as a useful adjunct to conventional spectral an
sis ~Dwyer, 1984!.

The potential of theb metrics for identifying hazardous
noise environments was demonstrated by Leiet al. ~1994!.
They hypothesized that for the same total energy and s
trum a high-kurtosis noise exposure is more hazardous
hearing than a Gaussian exposure, and that this effect is
quency dependent. Using a very limited set of exposure
rameters,b(t) and b( f ) were shown:~i! to rank order the
degree of hearing trauma and~ii ! to reflect the frequency
specificity of trauma.

The data presented in this paper extend the results of
et al. ~1994! by considering more generalized non-Gauss
signals as well as spectral influences.

II. METHODS

Fifty-eight chinchillas were used as subjects. Each a
mal was made monaural by surgical destruction, under a
il:
3163163/6/$18.00 © 2001 Acoustical Society of America

/content/terms. Download to IP:  158.111.4.52 On: Tue, 23 Sep 2014 18:58:06



la
th

th

s
a

os

ex
a

d
t

o
be

e
6
m

on
n
an
h

ith
il
ve
sh
ee
th

n

pu
te

n
e
a

he
b

s
i

d

m
ve
re
m
o
dt
ns
se

e

n-

nd
e

.0,
d

nd
nd
he
as

nd
le
z.
se

nd
ad
z.

se

rum
re-

ro-
sure

ized
ures.
non-
ran-

 Redist
thesia, of the left cochlea. During this procedure a bipo
electrode was implanted, under stereotaxic control, into
left inferior colliculus and the electrode plug cemented to
skull for the recording of auditory-evoked potentials~AEP!.
The AEP was used to estimate pure-tone thresholds, and
face preparations of the organ of Corti were used to estim
the inner- and outer hair cell~IHC, OHC! populations. Ad-
ditional details of the experimental methods, beyond th
presented below, may be found in Ahroonet al. ~1993!.

A. Experimental protocol

The animals were randomly assigned to one of five
perimental groups with 11 or 12 animals/group. Following
2-week postsurgical recovery, three AEP preexposure au
grams were obtained~on different days! on each animal a
octave intervals between 0.5 and 16.0 kHz. If the mean
the three audiograms, at two or more frequencies, fell
yond one standard deviation of laboratory norms~Hamernik
and Qiu, 2000!, in the direction of poorer thresholds, th
animal was rejected from the group. Two animals out of
were rejected because preexposure thresholds did not
the criterion.

The animals were exposed to one of the noise conditi
described below, five or six at a time, 24 h/day, for 5 co
secutive days. Animals were given free access to food
water and rotated through the bank of six cages daily. T
SPLs, across cages, in the middle of each cage, varied w
61 dB. During the exposure, animals were removed da
for less than 0.5 h for AEP testing. The mean of the fi
audiograms thus obtained defined asymptotic threshold
~ATS!. Thirty days following the last exposure day, thr
more audiograms were collected on different days and
mean used to define permanent threshold shift~PTS!. Fol-
lowing audiometric testing the animals were killed under a
esthesia. Their right cochlea was removed and prepared
surface preparation histology from which sensory cell po
lations along the length of the basilar membrane were de
mined.

B. Noise measurement and analyses

During the 5-day exposures the noise field was mo
tored with a Larson Davis 814 sound-level meter equipp
with a 1/2-in. microphone. The noise was maintained at
Leq of 100 dB~A! SPL. The acoustic signal produced by t
Electro-Voice Xi-1152/94 speaker system was transduced
a Brüel and Kjær 1/2-in. microphone~model 4134!, ampli-
fied by a Brüel & Kjær ~model 2610! measuring amplifier
and fed to a Windows PC-based analysis system. The de
and digital generation of the acoustic signal is detailed
Hsueh and Hamernik~1990, 1991!. The signal was sample
at 48 kHz with a recording duration of 5.5 min.b(t) was
computed over 40 s of the digitized temporal wavefor
Similarly, b( f ) was computed over a 40-s interval on octa
bands of the digitally filtered temporal samples. Center f
quencies of the octave bands were the same as the audio
ric test frequencies. The samples of every window were c
volved with the impulse response of the octave bandwi
filter. The filter was designed as an infinite impulse respo
digital filter in which the coefficients of the impulse respon
3164 J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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were obtained from the Signal Processing toolbox ofMAT-

LAB 5.3 ~The Math Works Inc.!. The filtering process was
performed repeatedly to obtainb( f ) over successive octav
bands.

C. Noise exposures

The animals were exposed for 5 consecutive days~24
h/day! to one of the following five exposure conditions, ide
tified by group number.

G-43 Gaussian noise,b(t)53. Reference condition.
G-44 Non-Gaussian noise,b(t)525. The impact

peak SPLs varied randomly between 115 a
128 dB. The impact was created from thre
400-Hz bands of energy centered on 1.0, 2
and 4.0 kHz. The level of the backgroun
Gaussian noise was kept at 95 dB~A! SPL.

G-49 Non-Gaussian noise,b(t)533. The impact
peak SPLs varied randomly between 115 a
129 dB. The impact was created from the ba
of energy between 0.710 and 5.680 kHz. T
level of the background Gaussian noise w
kept at 92 dB~A! SPL.

G-50 Non-Gaussian noise,b(t)521. The impact
peak SPLs varied randomly between 114 a
128 dB. The impact was created from a sing
400-Hz band of energy centered at 2.0 kH
The level of the background Gaussian noi
was kept at 95 dB~A! SPL.

G-55 Non-Gaussian noise,b(t)525. The impact
peak SPLs varied randomly between 117 a
129 dB. The impact was created from a bro
band of energy between 0.125 and 10.0 kH
The level of the background Gaussian noi
was kept at 95 dB~A! SPL.

Each exposure had in common the same flat spect
between 0.125 and 10.0 kHz shown in Fig. 1 and was p
sented at an Leq5100 dB~A!. The five exposures differed
only in their temporal structure, which was designed to p
duce one Gaussian and four different non-Gaussian expo

FIG. 1. The average spectrum obtained from a 40-s sample of the digit
waveform. The spectrum was the same for each of the five noise expos
The inset shows a 15-s sample of the pressure–time waveform of a
Gaussian exposure. Impact peak SPLs and interimpact intervals were
domly varied.
R. P. Hamernik and W. Qiu: Energy-independent factors in NIHL
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FIG. 2. The upper panels~a!, ~c!, ~e!, and~g! show the
spectrum of the impact that was used to create the ch
acter of each of the indicated non-Gaussian noise ex
sures. The inset shows a typical impact waveform. T
lower panels~b!, ~d!, ~f!, and ~h! show the respective
spectra of the Gaussian noises that were mixed with
impact stimuli.
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conditions, three of which~G-44, G-50, and G-55! had simi-
lar values ofb(t). The non-Gaussian conditions were d
signed in the frequency domain as described by Hsueh
Hamernik~1990, 1991! and were the result of inserting im
pacts, whose spectra were complementary to the backgro
Gaussian noise, into the otherwise Gaussian signal. The
pact peak levels were randomly varied between the lim
indicated above and the probability of an impact occurring
a 750-ms window was set at 0.6. The inset in Fig. 1 show
15-s sample of the non-Gaussian waveform. Variation
b( f ) was achieved by varying the spectrum of the impac

Figures 2~a!–~h! illustrate the waveform and spectru
of each of the non-Gaussian noises. Each of the top pane
Fig. 2 shows the spectrum of the impacts along with
pressure–time waveform of one of the impacts. The low
panels in Fig. 2 show the spectrum of the continuous ba
ground Gaussian noise that was combined with the imp
to produce the non-Gaussian signals. The Gaussian com
nent of the non-Gaussian exposure had a spectrum that
J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001 R.
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complementary to that of the impact and a level (Lb) that
was dependent on the value ofb(t). Generally, if the impact
peak and interval histograms were kept approximately
same,b(t) could be increased by decreasing Lb .

For exposure conditions G-44, -50, and -55, not on
was the overall Leq the same but the Leq of the impact com-
ponent~i.e., the Leq of the exposure with the Gaussian noi
component filtered out! of these exposures was also the sa
@i.e., Leq598 dB~A!#. Table I gives the 1/3-octave band lev
els of each noise exposure. Values shown are the mean
ues obtained from eight 40-s samples of the digitized wa
form.

III. RESULTS

In the following figures data points are given with sta
dard error~se! bars. When no error bar is present the se
less than the size of the datum symbol. The mean preex
sure AEP audiogram for all 58 animals along with individu
group means are shown in Fig. 3, where they are compa
3165P. Hamernik and W. Qiu: Energy-independent factors in NIHL
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 Redist
to laboratory norms. The overall se was very small and
five group means at all test frequencies were within64 dB
of each other. Figures 4~a!–~d! show the PTS and the perce
OHC loss for the four non-Gaussian exposure conditi

TABLE I. Mean total and third-octave-band sound-pressure levels~dB SPL!
over 5-day exposure period for all experimental groups.

Third-octave
band cf~kHz! G-43 G-44 G-49 G-50 G-55

0.25 84 74 78 81 87
0.32 84 76 79 81 89
0.40 84 76 78 81 88
0.50 84 76 79 81 89
0.63 85 76 81 82 89
0.80 84 86 90 80 88
1.00 85 91 91 82 89
1.25 84 85 89 79 86
1.60 83 82 89 87 85
2.00 83 94 89 97 84
2.50 82 84 90 85 83
3.15 85 84 91 82 87
4.00 86 94 91 83 86
5.00 88 84 92 85 88
6.30 91 88 85 89 90
8.00 94 90 88 92 92

10.00 96 92 89 93 93
12.50 95 92 90 91 90
16.00 94 91 89 91 90

MeanLeq 103 101 102 101 102
MeanLeqA 100 100 101 100 100
s.d. 0.04 0.26 0.65 0.23 0.77
3166 J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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s

compared to the Gaussian G-43 noise exposure. It is c
from this figure that for the two indices of trauma, PTS a
OHC loss, the four non-Gaussian exposure conditions~G-44,
G-49, G-50, and G-55! produced more severe permane
changes in the auditory system than did the Gaussian e
sure. In the most extreme cases~G-49 and G-55! there is as
much as 40 to 50 dB more PTS and 8 to 9 times the m
OHC loss at the most affected frequencies than in the Ga
ian exposure, despite the same Leq and spectrum in each o
the exposures. For clarity, IHC losses are not shown. I
losses were, as is usually the case in NIHL, much less t

FIG. 3. The mean AEP audiograms for the entire group of animals and
the five individual groups compared to the laboratory norms based o
population of 924 animals.
the group
ctave
FIG. 4. Each of the upper panels~a! and~c! compares the mean PTS measured in the four groups exposed to the indicated non-Gaussian noise with
exposed to the energy-equivalent Gaussian noise. The lower panels~b! and~d! show the corresponding mean percent OHC loss computed over adjacent o
band lengths of the basilar membrane in these groups.
R. P. Hamernik and W. Qiu: Energy-independent factors in NIHL
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 Redist
OHC losses for each group, but were greater in each of
non-Gaussian exposures than in the Gaussian.

A slightly different perspective on these data is shown
Fig. 5, where the total group mean OHC loss is plotted a
function of b(t) and compared to the results of Leiet al.
~1994!. Seen in this figure, for similar values ofb(t), is the
steady increase in sensory cell loss in groups G-50, G
and G-55 as the spectrum of the impact transient in the n
Gaussian noise is widened. The OHC loss for the G-50
posure, having only 400-Hz bandwidth transients,
proaches the loss seen in theb(t)53, Gaussian condition
but is significantly larger~t-test, a50.05!. Despite the dif-
ferent bandwidths of the impacts the total energy of only
transients in the G-44, G-50, and G-55 non-Gaussian co
tions was approximately the same@Leq598 dB~A!# but the
cell loss increased nevertheless.

In order to increaseb(t) for exposure group G-49, Lb

was reduced to 92 dB~A!. The other exposure variables we
similar to those of group G-55. Although the increase inb(t)
was modest@b(t)533 vs b(t)525#, there was a small in-

FIG. 5. The group mean total OHC loss in each of the five experime
groups as a function ofb(t) compared to similar data taken from Leiet al.
~1994!.
J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001 R.
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crease in the mean OHC loss consistent with the trends in
Lei et al. ~1994! data. This difference was, however, not st
tistically significant.

The relation between the OHC loss in consecutive
tave bands along the basilar membrane and the vari
b( f ) computed on the filtered octave band noise signa
shown in Fig. 6. In this figure the percent OHC loss da
represents the difference in the percent loss, in consecu
octave band lengths of the basilar membrane, between
indicated non-Gaussian group and the Gaussian group. T
is a clear suggestion that, for those exposures that did
duce substantial sensory cell loss, the profile of OHC l
difference andb( f ) are somewhat congruent, with the ce
loss profile shifted about an octave to the high frequenc
relative to theb( f ) profile. This is in agreement with the
results of Leiet al. ~1994!. For group G-50 there is compara
tively little difference in octave band percent OHC loss and
is scattered along the length of the basilar membrane. T
profile of cell loss difference bears no resemblance tob( f ).

IV. DISCUSSION

The equal energy hypothesis~EEH! had its origins in the
retrospective studies of populations exposed to indus
noise ~Burns and Robinson, 1970; Robinson, 1976!. Origi-
nally applied to steady-state noise exposures, the EEH
extended to encompass industrial impact noise by Ma
~1976!. The EEH now forms the foundation of the curre
international noise exposure standard~ISO-1999, 1990!. A
number of studies both experimental and demographic~see,
e.g., Lei et al., 1994! indicate that the EEH is not an ad
equate predictor of NIHL. The results of Leiet al. showed
that in addition to an energy metric, the kurtosis of an exp
sure stimulus which is a statistical metric incorporating bo
the temporal and amplitude characteristics of the noise ne
to be considered in the prediction of the hazards of an ex
sure. The data presented in this paper are an extension o
results of Leiet al. ~1994! and are in agreement with the
results. These data show that for non-Gaussian noises
kurtosis of the amplitude distribution computed on the
tered and unfiltered temporal signal provides information
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r
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d
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FIG. 6. The difference between th
percent OHC loss produced by the in
dicated non-Gaussian and Gaussi
exposure conditions computed ove
octave band lengths of the basila
membrane is shown and compare
with the frequency specific kurtosis
b( f ), profile.
3167P. Hamernik and W. Qiu: Energy-independent factors in NIHL
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hazardous noise exposures that cannot be obtained from
Leq metric. The exposures used by Leiet al. had an overall
Leq5100 dB; those in the present study had aneq

5100 dB~A!, a relatively minor difference which is empha
sized by the same OHC loss following exposure to the t
referenceb(t)53 conditions shown in Fig. 5. The othe
eight data points in this figure represent the results of ex
sures that all had approximately the same Leq. Each of these
exposures produced more severe OHC loss than the Gau
noise conditions. Clearly Leq is not sufficient for the estima
tion of the hazard of exposure to this limited set of no
Gaussian noise exposures.

These data also address the proposition of Martin~1976!
and others who advocate the application of an Leq metric for
the evaluation of impact noise. Consider in Fig. 5 the fo
data points associated with the 20,b(t),25 exposures. The
Leq of just the transients in each of these exposures
roughly the same@97–98 dB~A!#. The transients in three o
the exposures~G-50, G-44, and G-55! are impacts, while in
the Leiet al. ~1994! data point they are broadband Gauss
noise bursts. The three impact-containing exposures d
appreciably only in the frequency content of the impac
nevertheless, each of these exposures produces a diff
level of OHC loss which systematically increases as
bandwidth of the impacts increase. Similarly, the expos
G-55 and the Leiet al. ~1994!, b(t)521 exposure differ
only in the nature of the transient, i.e., impulses in the form
and noise bursts in the latter. In both cases, while the O
loss is greater than in the Gaussian reference condition, t
is a significant difference between the two non-Gaussian
points with the impact containing stimulus causing mu
greater OHC loss.
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