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Hearing loss from interrupted, intermittent, and time varying
non-Gaussian noise exposure: The applicability of the

equal energy hypothesis

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

(Received 27 April 2007; revised 1 August 2007; accepted 1 August 2007)

Sixteen groups of chinchillas (N=140) were exposed to various equivalent energy noise paradigms
at 100 dB(A) or 103 dB(A) SPL. Eleven groups received an interrupted, intermittent, and time
varying (IITV) non-Gaussian exposure quantified by the kurtosis statistic. The IITV exposures,
which lasted for 8 h/day, 5 days/week for 3 weeks, were designed to model some of the essential
features of an industrial workweek. Five equivalent energy reference groups were exposed to either
a Gaussian or non-Gaussian 5 days, 24 h/day continuous noise. Evoked potentials were used to
estimate hearing thresholds and surface preparations of the organ of Corti quantified the sensory cell
population. For IITV exposures at an equivalent energy and kurtosis, the temporal variations in level
did not alter trauma and in some cases the IITV exposures produced results similar to those found
for the 5 day continuous exposures. Any increase in kurtosis at a fixed energy was accompanied by
an increase in noise-induced trauma. These results suggest that the equal energy hypothesis is an
acceptable approach to evaluating noise exposures for hearing conservation purposes provided that
the kurtosis of the amplitude distribution is taken into consideration. Temporal variations in noise

levels seem to have little effect on trauma. © 2007 Acoustical Society of America.

[DOL: 10.1121/1.2775160]

PACS number(s): 43.66.Ed, 43.64.Wn, 43.50.Qp [BLM]

I. INTRODUCTION

Industrial and military noise exposures are most often
interrupted and intermittent with sound levels that vary over
the course of a work shift (Taylor ez al., 1984). The presence
of transients, either impacts or noise bursts, further compli-
cates the evaluation of these noise environments for hearing
conservation purposes. The hearing loss that results from
such exposures usually accumulates over many years or de-
cades of exposure. Much of our understanding of the effects
of noise on hearing is derived from acute animal model ex-
periments that typically have not taken into account the com-
plexity of a daily industrial noise exposure. Further, in prac-
tice any concern for the temporal and level complexity of an
industrial exposure is obviated by the acceptance of the
equivalent energy principal as a guide to noise exposure cri-
teria (e.g., ISO 1999). The equal energy hypothesis (EEH)
initially proposed by Eldred ef al. (1955), with early support
from the guinea pig experiments of Eldredge and Covell
(1958), suggests that equal amounts of acoustic energy (with
some consideration given to frequency content) entering the
ear will produce equal amounts of hearing loss under typical
conditions of exposure. Over the ensuing years a number of
studies have supported the concept of the EEH (Eldredge
et al., 1959; Dolan et al., 1976; Clark, 1991; and others).
This idea gave rise to the concept of the equivalent continu-
ous noise level (L), defined as the level of a continuous
noise that, in the course of an 8 h workday, would cause the
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same sound energy to be received as that due to the actual
noise over a typical workday. Energy as a basic metric for
evaluating hazardous exposures was eventually extended to
impact noise exposures (Atherley and Martin, 1971). While
there is some recent support for an energy-based approach
under limited exposure conditions (e.g., Qiu et al., 2007),
there is a consensus that such an approach will not cover all
conditions of exposure (e.g., Lataye and Campo, 1996; Dunn
et al., 1991; Harding and Bohne, 2004; Hamernik e al.,
2003).

The impact that the temporal structure of an acoustic
signal has on noise-induced hearing loss (NIHL) has been
highlighted by the “toughening” and ‘“conditioning” phe-
nomena and an understanding of some of the cochlea’s en-
dogenous protective mechanisms underlying these phenom-
ena. In the former case it has been shown (Miller et al.,
1963; Clark er al., 1987; and others) that for subjects ex-
posed to a daily interrupted noise, audiometric thresholds
could improve despite the continuing exposure (i.e., the co-
chlea is gradually toughened). In the latter case, Canlon er al.
(1988) and others have shown that exposure to a low level
noise could reduce the effects of a subsequent traumatic ex-
posure (i.e., the cochlea has been toughened by the low level
conditioning noise). In a typical industrial noise exposure
situation it could be argued that both of these phenomena
would be operative. Temporal factors also become significant
when the exposure is non-Gaussian (nonG), that is, when the
noise contains transients that vary in their rate of appearance
and in their distribution of peaks in the case of impacts, or
their rms levels in the case of noise bursts. Such complex
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exposures were used by Hamernik et al. (2003) and Qiu
et al. (2006) in showing the limitations of the energy metric
and the advantage of using the statistical metric, kurtosis, in
combination with energy to evaluate the hazard potential of a
nonG exposure. They showed that for a constant energy there
was an orderly relation between the kurtosis of an exposure
and the resulting NIHL and sensory cell loss. As the kurtosis
increased so did the hearing trauma. Experimental data on
the effects of equivalent energy nonG exposures with time
varying levels are not available.

In a recent study Qiu et al. (2007), using several differ-
ent equivalent energy interrupted, intermittent, and time
varying (IITV) Gaussian noise exposures, showed that de-
spite some toughening effects the permanent threshold shifts
(PTS) and sensory cell losses were reasonably similar across
different IITV exposures and similar to an equivalent energy
uniform and uninterrupted reference exposure. They con-
cluded that the EEH is a reasonable approach to evaluating
Gaussian noise exposures for hearing conservation purposes.
The present paper, a continuation of the Qiu er al. (2007)
work, presents data from a number of different nonG, IITV
equivalent energy exposures. The exposures were designed
to replicate some of the essential features of realistic indus-
trial environments over a period of 3 weeks.

Il. METHODS
A. Auditory evoked potential

One hundred and forty (140) chinchillas were used as
subjects. Each animal was anesthetized [IM injection of Ket-
amine (35 mg/kg) and Xyalazine (1 mg/kg)] and made
monaural by the surgical destruction of the left cochlea. Dur-
ing this procedure a bipolar electrode was implanted, under
stereotaxic control, into the left inferior colliculus and the
electrode plug cemented to the skull for the recording of
auditory evoked potentials (Henderson et al., 1973; Salvi
et al., 1982). The auditory evoked potential (AEP) was used
to estimate pure tone thresholds. The animals were awake
during testing and restrained in a yoke-like apparatus to
maintain the animal’s head in a constant position within the
calibrated sound field. AEPs were collected to 20 ms tone
bursts (5 ms rise/fall time) presented at a rate of 10/s. Each
sampled wave form was analyzed for large-amplitude arti-
fact, and, if present, the sample was rejected from the aver-
age and another sample taken. Averaged AEPs were obtained
from 250 presentations of the 20 ms tone bursts. Thresholds
were measured using an intensity series with 5 dB steps at
octave intervals from 0.5 to 16 kHz. Threshold was defined
to be one-half step size (2.5 dB) below the lowest intensity
that showed a “response” consistent with the responses seen
at higher intensities.

B. Experimental protocol

Following a 2 week postsurgical recovery, three AEP
preexposure audiograms were obtained (on different days)
on each animal at octave intervals between 0.5 and 16.0 kHz.
If the mean of the three audiograms fell beyond one standard
deviation (s.d.) of laboratory norms (Hamernik and Qiu,
2000), in the direction of poorer thresholds at more than one

2246 J. Acoust. Soc. Am., Vol. 122, No. 4, October 2007

test frequency, the animal was rejected. The animals were
randomly assigned to one of 16 experimental groups with
7-16 animals/group.

The animals were exposed four (or less) at a time to one
of the noise conditions detailed in the following. During ex-
posure, animals were given free access to food and water and
were rotated through a bank of six cages daily. The SPLs,
across cages, in the middle of each cage, varied within less
than +1 dB. For the 5 day uniform, Gaussian or nonG con-
tinuous (uninterrupted) reference exposures, animals were
removed daily for less than 0.5 h for AEP testing. A com-
plete AEP audiogram was obtained on each animal each day
of the exposure and the mean of the five audiograms defined
asymptotic threshold (AT). For all the IITV groups the ani-
mals were tested at the end of the daily exposure on days 1,
17, 18, and 19. The difference between the threshold mea-
sured following the first day of exposure () and the mean
of the thresholds measured following the last three days
(T}7_19) of the exposure was accepted as an estimate of any
threshold recovery or toughening (7,) effect [i.e., T,=(T,)
—(T}7_19)]. Thirty days following the last exposure day for all
exposure paradigms, three more audiograms were collected
on different days and the mean used to define permanently
shifted thresholds or permanent threshold shift.

C. Histology

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 buffer (final pH=7.3) was perfused through
the cochlea. After 12—24 h of fixation the cochlea was post-
fixed in 1% OsOy in veronal acetate buffer. Surface prepara-
tion mounts of the entire organ of Corti were prepared (Eng-
strom ef al., 1966) and inner hair cell (IHC) and outer hair
cell (OHC) populations were plotted as a function of fre-
quency and location using the frequency-place map of El-
dredge et al. (1981). Missing cells were identified by the
presence of a characteristic phalangeal scar. For purposes of
this presentation, sensory cell population data are presented
as group averages (in percent missing) taken over octave
band lengths of the cochlea centered on the primary AEP test
frequencies.

D. Noise measurement and analyses

During the exposures the noise field was monitored with
a Larson Davis 814 sound level meter equipped with a
1/2 in. microphone. The computer generated acoustic signal,
produced by the Electro-Voice Xi-1152/94 speaker system,
was transduced by a Briiel and Kjar 1/2 in. microphone
(Model 4134), amplified by a Briiel and Kjer (Model 2610)
measuring amplifier and fed to a Windows PC-based analysis
system. The signal was sampled at 48 kHz with a recording
duration of 5.5 min. The design and digital generation of the
acoustic signal is detailed in Hsueh and Hamernik (1990,
1991). Calibration of the exposure was accomplished “off
line” by analyzing two to eight, 5.5 min segments of the
digitized acoustic wave form. In order to maintain equal en-
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FIG. 1. (a) The relative spectral level of the unweighted 100 dB(A) SPL
noise. The 103 dB(A) SPL noise had an unweighted spectrum that was
qualitatively similar to the 100 dB(A) SPL noise. The inset shows a 15 s
segment of a non-Gaussian noise. The impact peaks and interimpact inter-
vals were randomly varied. (b) A sketch of the daily SPL variations that
were used for the intermittent, interrupted, and time varying (II'TV) noise
exposure paradigm for the 100 and 103 dB(A) SPL groups. Groups exposed
to each type of IITV exposure are identified. Each exposure sequence lasted
for 19 days. Each daily exposure consisted of two 4.25 h periods with an
hour break in between. Each 4.25 h exposure was interrupted for 15 min
and each 5 day exposure sequence was separated by a 2 day break.

ergy exposure conditions across nonG noise exposed groups
at the same overall SPL the peak and interval histograms of
the impact transients and the level of the background noise
(L), that is, the rms level of the noise between the transients,
had to be adjusted. For the nonG, IITV exposures a mean
value of the kurtosis, B(r), was calculated by averaging the
B(1) from eight, 5.5 min samples of the exposure wave form.

E. Noise exposures

Hearing and cell loss data are presented from 16 differ-
ent exposures. Each exposure had in common the same flat
spectrum between 0.125 and approximately 15.0 kHz shown
in Fig. 1(a). The nonG exposures were created by inserting
impacts, having randomly varied peak levels and interimpact
intervals, into a Gaussian background noise as described by
Hsueh and Hamernik (1990, 1991). A 15 s sample of a nonG
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wave form is shown in the inset of Fig. 1(a). The identifica-
tion of each experimental group and the exposure parameters
for the groups are detailed in Fig. 1(b) and Table I. Nine (9)
exposures were presented at an overall SPL of 100 dB(A)
and seven exposures were presented at 103 dB(A). All the
100 dB(A) exposures had the same total energy. Group
G100-B3-U was exposed to a Gaussian noise and the re-
maining eight groups were exposed to a nonG noise that
differed in either the value or range of values of the kurtosis
or in the configuration of the SPL temporal variation [Fig.
1(b)]. Two of the nonG exposures (groups NG100-825-U
and NG100-855-U) that were used as equal energy reference
groups lasted for 24 h/day for 5 days and had a uniform,
uninterrupted 100 dB(A) SPL. Group G100-83-U, another
reference group, was exposed to a uniform Gaussian noise
for 5 days, 24 h/day. Six of the 100 dB(A) exposures were
structured to model an idealized 3 week work shift with a
varying noise level [IITV exposures, Fig. 1(b)]. Each daily
IITV exposure consisted of two 4.25 h periods with an hour
break in between. Each 4.25 h exposure was interrupted for
15 min and each 5 day sequence was separated by a 2 day
break. Three different temporal variations in the sound pres-
sure level (identified as type I, II, or III) were used for the
exposures and are shown schematically in Fig. 1(b) along
with the exposure group identification. It should be noted
that there was no a priori reason for the choice of the Gauss-
ian shaped patterns of sound level variation shown in Fig.
1(b).

There were seven groups exposed at an overall SPL of
103 dB(A). One of these groups (G103-83-U) was exposed
to a uniform Gaussian noise, 24 h/day for 5 days and one
group (G103-B3-I) was exposed to a Gaussian, IITV noise
with a type I SPL variation. One group (NG103-350-U) was
exposed to a uniform nonG noise, 24 h/day for 5 days.
These three groups served as reference exposures for the
five, nonG, IITV exposed groups. Summary AEP and sen-
sory cell loss data across different exposure groups are com-
pared in the figures identified in Table I.

F. Statistical analysis

Threshold shifts and the percent sensory cell loss in
octave-band lengths of the cochlea were compared among
the groups of animals for each noise exposure level [100 and
103 dB(A) SPL] using a mixed model analysis of variance
(ANOVA) with repeated measures on one factor (frequency).
The probability of a type I error was set at 0.05. Statistically
significant main effects of frequency were expected and
found in all of the following analyses because of the
frequency-specific nature of the audibility curve of the chin-
chilla and the noise exposure stimulus. For this reason the
main effects of frequency are not addressed in the following
presentation of the results.

lll. RESULTS AND DISCUSSION
A. Preexposure thresholds

The group mean preexposure AEP thresholds are shown
as symbols in Fig. 2. The solid and broken lines show the
mean thresholds for all the animals exposed at 100 and
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TABLE I. Outline of the noise exposure conditions for all experimental groups.

Group Noise Leg L, range Mean Kurtosis Peak SPL L,
Fig. Group L.D. size type" Exposure type dB(A) dB(A) Kkurtosis range (dB) dB(A)
3 G103-83-U N=38 G Uniform 5 day 103 3
NG103-550-U N=17 nonG Uniform 5 day 103 50 [43, 57] [122, 131] 93
4and5 NG103-B46-111 N=38 nonG TV 19 day, 1T 103 [89, 106] 46 [35, 55] [104, 134] [80, 97]
NG103-850-1 N=8 nonG TV 19 day, I 103 [89, 106] 50 [33,56]  [105,134]  [81, 98]
NG103-850-11 N=17 nonG IITV 19 day, I 103 [89, 106] 50 [38, 62] [102, 134] [80, 97]
6 and 7 G103-83-1 N=8 G IITV 19 day, I 103 [89, 105] 3
NG103-825-1 N=7 nonG  ITV 19 day, I 103 [89, 105] 25 [19,32]  [101,132]  [81, 98]
3 G100-B83-U N=16 G Uniform 5 day 100 3
NG100-825-U N=12 nonG Uniform 5 day 100 25 [23, 28] [115, 129] 95
3 NG100-825-111 N=38 nonG IITV 19 day, III 100 [67, 105] 25 [17, 31] [80, 130] [60, 98]
NG100-325-11 N=17 nonG IITV 19 day, I 100 [69, 105] 25 [18, 35] [90, 130] [63, 97]
NG100-825-1 N=8 nonG TV 19 day, I 100 [70, 105] 25 [16,35]  [92,130]  [62, 98]
NG100-855-U N=12 nonG Uniform 5 day 100 55 [46, 62] [121, 132] 0
0 NG100-450-11 N=8 nonG TV 19 day, III 100 [68, 106] 50 [33,68]  [84,132]  [60, 97]
NG100-B48-11 N=8 nonG TV 19 day, II 100 [70, 105] 48 [35,57]  [91,132]  [63,97]
NG100-349-1 N=8 nonG 1TV 19 day, I 100 [70, 105] 49 [31,57]  [92,133]  [63,97]

%G =Gaussian; nonG=non-Gaussian.
bL,,, the level of the Gaussian background noise.

103 dB(A) respectively. Standard errors were small and all
animals and groups fell within *£1 s.d. of laboratory norms
based on 1572 chinchillas (shaded area). These data are con-
sistent with published thresholds for the chinchilla (Fay
1988). There were no systematic differences in preexposure
thresholds among the experimental groups.

B. The 100 and 103 dB(A) Gaussian reference
exposures

Figure 3 presents the results of exposure to a uniform
Gaussian noise at 100 and 103 dB(A) for 5 days, 24 h/day
(groups G100-83-U and G103-83-U, respectively). The ex-
posure was interrupted for only approximately 20 min each

40 L I
Mean Pre for 100 dB(A )Groups
~3 809 — — Mean Pre for 103 dB(A) Groups r
o
2 Lab norms +/- SD
20 . L
o n=1572
o
o
= 104 -
n
(0]
S
=
[ -
-10 T —T
0.3 1 10 20

Frequency (kHz)

FIG. 2. Mean preexposure thresholds (symbols) for the 16 experimental
groups defined in Table I. The shaded area represents the mean preexposure
thresholds *1 s.d. of the laboratory norm based on 1572 chinchillas. The
solid line represents the mean preexposure thresholds of the 87 chinchillas
included in the groups exposed to the 100 dB(A) SPL noises and the broken
line the preexposure thresholds for the 53 chinchillas exposed at 103 dB(A).
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day for AEP testing in order to obtain estimates of
asymptotic threshold shift (ATS). The upper panels show the
AEP data and the lower panels the inner and outer hair cell
loss data. The shaded area in the upper panels represents the
PTS. The difference between AT and the preexposure thresh-
olds is an estimate of the ATS. The bars on the data symbols
in this and subsequent figures represent the standard error
(s.e.) of the mean. If a bar is not present the s.e. is less than
the size of the symbol.

These two exposures, at each level, serve as reference
points for all the Gaussian and nonG, IITV or uninterrupted
exposure groups discussed in the following. For the
100 dB(A) exposure (group G100-B83-U) ATS increased
with increasing frequency from about 37 dB at
0.5 kHz to 73 dB at 16 kHz, while PTS varied from near
0 dB at 0.5 kHz to 24 dB at 16 kHz. The IHC loss did not
exceed 10% at the higher frequencies and OHC losses varied
from less than 10% to almost 20% in the highest frequency
band. Increasing the level to 103 dB(A) (group G103-33-U)
produced from about 65 dB ATS at 16 kHz to a maximum of
84 dB at 4 kHz. During the 5 day exposure there were large
shifts in threshold across the entire range of AEP test fre-
quencies. PTS increased with increasing frequency from
10 to 30 dB. IHC loss was small with about a 12% loss at
8 kHz and no loss at and below 2 kHz. OHC loss showed a
bimodal distribution with 26% losses in the 0.250 and
0.5 kHz bands and 36% loss at 8 kHz with little loss in the
1.0 and 2.0 kHz region. It should be noted that any thresh-
olds at 90 dB seen in Fig. 3 or in any of the subsequent
figures represent the upper limit of the AEP test system and a
threshold shift computed at such frequencies represents an
estimate of the lower bound only. The most noticeable effect
of the 3 dB increase in level is the increased threshold shifts

Hamernik et al.: Noise trauma and equal energy hypothesis



FIG. 3. Summary data for reference
group G100-B3-U exposed to the
100 dB(A) SPL Gaussian, uninter-
r rupted 5 day exposures and group
L G103-B3-U exposed to a similar noise
but at 103 dB(A) SPL. Upper panels

o ‘ show the group means preexposure

thresholds, asymptotic threshold (AT),
and 30 day postexposure thresholds
L for each group. The lower panels show
the group mean percent outer and in-
B ner sensory cell (OHC and THC) losses
for each group. Error bars indicate the
L standard error (s.e.) of the mean. If no
error bar is present the s.e. is smaller
- than the size of the symbol.
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and OHC loss especially at the low frequencies. A two-way
ANOVA confirmed these differences. There was a statisti-
cally significant main effect of group for the ATS, PTS, and
OHC loss and no significant main effect of group for IHC
loss. There was no significant interaction of group and fre-
quency for PTS but there was a significant interaction for
ATS, IHC loss, and OHC loss.

C. The 103 dB(A) exposures

All the exposures discussed in the following had the
same total energy and the same spectrum. They differ only in
the nature of their level variations, their kurtosis, and
whether or not the exposure was interrupted and intermittent.

1. The effects of exposures having an equal energy
and kurtosis but a variable level

Figure 4 presents complete group mean data sets for four
of the 103 dB(A), nonG exposure conditions. Figure 4 illus-
trates the type of data set that was obtained for each experi-
mental group and from which any subsequent summary fig-
ures are distilled. The effects of three different nonG, IITV
exposures (groups NG103-B46-11I, NG103-B50-1, and
NG103-350-II) and an uninterrupted nonG, 5 day reference
exposure (NG103-B50-U) are shown. The four exposures
had approximately the same mean value of the kurtosis
[B(t) ~50] and the same total energy and spectra. For group
NG103-850-U exposed for 5 days to the uninterrupted nonG
noise, group mean asymptotic thresholds were 90 dB across
the range of test frequencies. These threshold values do not
represent actual AEP thresholds but rather the upper limit of
the AEP measurement system. After a 30 day recovery pe-
riod, thresholds recovered to between 48 and 80 dB SPL
with the higher frequencies showing the highest thresholds.
Group mean thresholds for the three IITV exposures mea-
sured following the first day’s exposure were similarly at or
very near the limit of the AEP test system except for the 0.5
and 1.0 kHz test frequencies in group NG103-346-1I1 where
thresholds of about 76 dB SPL were measured. All three
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IITV exposures produced a T, that was greatest at the lower
frequencies and disappeared at the highest test frequencies.
While a 7, was measured, the true magnitude could not be
determined at a number of frequencies as a result of the
ceiling effect in the AEP test system. All the IITV exposures
produced a T, and when thresholds were not limited by the
ceiling effect, 7, was as much as 22 dB at 0.5 kHz for the
103 dB(A) exposures. During the 30 day recovery period,
thresholds only recovered 10-25 dB leaving each group
with as much as 65 dB permanent losses. Inner and outer
hair cell losses generally reflect the severity of the shifted
thresholds. Outer hair cell loss is severe and in some fre-
quency regions complete, with greatest loss occurring at the
higher frequencies. Inner hair cell losses are also severe with
maximum loss in the 4 kHz region of the basilar membrane.
Threshold and cell loss data from these four groups are sum-
marized and compared in Fig. 5. Apparent from Fig. 5 is the
similarity of the PTS, IHC loss, and OHC loss across the
four groups. A two-way ANOVA confirmed that there was no
significant main effect of group and no interaction between
group and frequency for PTS, IHC loss, and OHC loss.
Based on the above presented results, nonG exposures of
equivalent energy, spectra, and kurtosis can produce equiva-
lent trauma whether or not the exposure is interrupted, inter-
mittent, or follows a different temporal pattern of level varia-
tion. This result is similar to the conclusions drawn in a
recent paper (Qiu et al., 2007) where Gaussian IITV expo-
sures were used. The toughening, 7, seen in the IITV expo-
sures did not seem to have any effect on the final PTS. While
an accurate 7, cannot be measured because of the AEP ceil-
ing effect, all the IITV exposures at 103 dB(A) did produce
toughening but no subsequent protective effect. Similar lev-
els of PTS were found in both the uninterrupted exposures
where there was no toughening and the IITV exposures that
showed some toughening. Also note the considerable in-
crease in trauma associated with these nonG exposures when
compared to the equivalent energy Gaussian [ B(r)=3] refer-
ence exposure shown in Figs. 3(c) and 3(d). The increase in
trauma from nonG exposures has been documented from a
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variety of exposures that incorporated impacts or noise
bursts to produce nonG exposure conditions (Hamernik
et al., 2003) as well as from comparisons of equal energy
continuous noises and pure impact noise exposures (Dunn
et al., 1991).

2. The effects of IITV exposures having an equivalent
energy and temporal structure but varying in
their kurtosis

Figure 6 presents the group mean data from groups
G103-B3-1 and NG103-325-1. Animals in group G103-33-1
were exposed to a 19 day, IITV Gaussian noise, B(f)=3 and
group NG103-825-1 to a 19 day, IITV nonG noise, B(r)
~25. Group NG103-850-I discussed earlier [Figs. 4(e) and
4(f)] was exposed to the same noise except with a B(z)
~50. All three exposures had a type I level variation. All
three exposures produced large increases in threshold (7))
following the first day of exposure that varied from about 68
to the 90 dB SPL limit of the AEP test system. The nonG

2250 J. Acoust. Soc. Am., Vol. 122, No. 4, October 2007

Frequency (kHz)

groups showed the greatest increases in threshold. All three
exposures produced similar amounts of toughening 7, with a
maximum 7, of about 22 dB at the lower frequencies and
very little or no toughening at the highest frequencies. This
was similar in magnitude and frequency specificity to the
exposures discussed above in Sec. IIIC 1. Following a
30 day recovery period, thresholds had recovered 22—-46 dB
in the group exposed to the Gaussian IITV noise
(G103-B3-I), while thresholds in the nonG noise exposed
group NG103-325-1 only recovered 16—26 dB. Inner and
outer hair cell loss was also considerably less in the Gaussian
noise exposed group G103-B3-1. A summary and compari-
son of the data from the three 103 dB(A) exposures with the
type I level variation but having different B(r) is shown in
Fig. 7. Figures 7(a)-7(c) show the PTS, %IHC, and %OHC
loss for the three groups, respectively. There is a clear order-
ing of PTS, IHC loss, and OHC loss. The Gaussian noise
exposed group G103-33-1 showed a 10 dB PTS at the lowest
frequencies that increased to 45 dB at the highest test fre-
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FIG. 5. A comparison of the PTS and cell loss data for the four groups
shown in Fig. 4. (a) The PTS. (b) The percent IHC loss. (c) The percent
OHC loss. All four groups were exposed to a nonG noise having the same
energy and kurtosis. For group NG103-50-U the uniform exposure lasted
for 5 uninterrupted days. Groups NG103-B50-1I, NG103-B46-1II, and
NG103-B50-1I received the 19 day, IITV exposures. Error bars indicate the
s.e. of the mean. If no error bar is present the s.e. is smaller than the size of
the symbol.

quency. Group NG103-825-1, the nonG, B(r) ~25 exposure
was intermediate in loss with 19—-47 dB PTS that peaked at
2 kHz. The greatest loss was seen in the high kurtosis, B(z)
~ 50, nonG noise exposed group NG103-B50-1. PTS in this
group varied from 35 dB at 0.5 kHz to a maximum of 64 dB
at 2.0 kHz. IHC and OHC losses generally followed the
trends seen in the PTS with maximum IHC losses of 75%
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FIG. 7. A comparison of the PTS and cell loss data for the two groups
shown in Fig. 6 along with the data from group NG103-850-I (Fig. 4). (a)
The PTS. (b) The percent IHC loss. (c) The percent OHC loss. All three
groups were exposed to an IITV noise having the same energy and a type I
level variation but different mean S3(r). For group G103-83-1, B(1)=3 (i.e., a
Gaussian noise); for group NG103-825-1, B(r)~25; and for group
NG103-B50-1, B(t) ~50. Error bars indicate the s.e. of the mean. If no error
bar is present the s.e. is smaller than the size of the symbol.

and 95% in the 4 kHz region of the basilar membrane for the
B(t) ~25 and B(r) ~50 exposures, respectively. The pattern
of loss for the nonG exposures was broadly distributed
across frequency. The Gaussian exposure produced maxi-
mum [HC loss of 22% in the 8 kHz region and little or no
loss at the lower frequencies. OHC losses were considerably
larger; more broadly distributed and generally paralleled the
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FIG. 8. A comparison of the (a) PTS, (b) IHC loss, and (c) OHC loss
measured in group G103-83-U exposed to a 5 day, uniform uninterrupted
Gaussian noise and group G103-83-I exposed to a 19 day Gaussian type I,
1TV noise (Fig. 6) of equivalent energy. Error bars indicate the s.e. of the
mean. If no error bar is present the s.e. is smaller than the size of the
symbol.

IHC loss. A two-way ANOVA confirmed these differences.
For PTS, THC loss, and OHC loss there was a statistically
significant main effect of group and a significant interaction
of group and frequency.

In this set of IITV exposures, differing only in the value
of the kurtosis, there is a clear difference in trauma produced
as a result of increasing the kurtosis; trauma increases with
an increase in B(r). These results are in agreement with the
results of Hamernik er al. (2003) where a very different ex-
posure paradigm was followed. Results from a variety of
exposure conditions are now available showing that the kur-
tosis of the amplitude distribution of a noise is a variable that
should be considered when trying to establish the hazards to
hearing posed by long-term exposure to acoustically diverse
noise exposures.

3. A comparison between the 5 day uninterrupted and
19 day /ITV Gaussian exposures

Based on the results of Qiu ef al. (2007) where Gaussian
uninterrupted and IITV exposures at 100 and 106 dB(A)
SPL were used one would anticipate that groups G103-33-U
[Figs. 3(c) and 3(d)] and G103-B3-1 [Figs. 6(a) and 6(b)]
would produce similar levels of trauma. These two groups
are compared in Fig. 8. An ANOVA analysis of these data
indicates that there is a significant main effect of group for
the PTS and no interaction between group and frequency. For
the IHC and OHC loss there is a significant main effect of
group and an interaction of group and frequency. These dif-
ferences are relatively small, amounting to a 12 dB maxi-
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FIG. 9. A comparison of the (a) PTS, (b) IHC loss, and (c) OHC loss
measured in four groups exposed at 100 dB(A) SPL noise at B(z) ~25. The
three IITV groups NG100-325-111, NG100-325-1, and NG100-325-11 were
exposed to a 19 day noise with type I, IT and III level variations respectively.
Group NG100-825-U received an uninterrupted, uniform 5 day exposure.
Error bars indicate the standard error (s.e.) of the mean. If no error bar is
present the s.e. is smaller than the size of the symbol.

mum difference at 16 kHz in the PTS, 12% difference in the
IHC loss at only 8 and 16 kHz, and less than 22% for OHC
loss at the higher frequencies. The more traumatic of the two
exposures was the 19 day IITV exposure. This is contrary to
what would be expected since the IITV exposure produced a
modest toughening effect and the interrupted paradigm
should have given ample opportunity for thresholds to re-
cover between the daily and weekly exposures.

D. The 100 dB(A) exposures

As discussed earlier (Fig. 3), the 100 dB(A) Gaussian
reference exposure produced statistically significant less
ATS, PTS, and OHC loss than did the 103 dB(A) Gaussian
exposure. The results from the 103 dB(A) nonG exposures
(Figs. 4 and 5) suggested that the equal energy principle
applied to IITV exposures provided that the exposures had
the same B(z). In an effort to confirm this result, several
groups of animals were exposed at 100 dB(A) SPL to vari-
ous nonG, IITV exposures at two values of B(r).

In addition to the IITV groups, one group at each [B(z)
received an uninterrupted nonG exposure for 5 day,
24 h/day. Data summaries for the four groups (NG100-
B25-U, NGI100-B25-1, NGI100-825-1I, NGI100-325-1III)
exposed to a B(r) ~25 noise are shown in Fig. 9 and for the
B(t) ~50 groups (NG100-855-U, NG100-B49-1, NG100-

Hamernik et al.: Noise trauma and equal energy hypothesis
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FIG. 10. A comparison of the (a) permanent threshold shift (PTS), (b) inner
hair cell loss (IHC) and (c) outer hair cell loss (OHC) measured in four
groups exposed at 100 dB(A) SPL noise at B(t) ~50. The three [ITV groups
NG100-B50-1I1, NG100- 849-1 and NG100-348-1I were exposed to a 19 day
noise with type I, II and III level variations respectively. Group
NG100-855-U received an uninterrupted, uniform 5 day exposure. Error
bars indicate the standard error (s.e.) of the mean. If no error bar is present
the s.e. is smaller than the size of the symbol.

B48-11, NG100-B50-1IT) in Fig. 10. Groups NG100-325-U
with B(r) ~25 and NG100-855-U with B(r) ~50 received
the 5 day, uninterrupted nonG exposure.

The two-way ANOVA on the data in Fig. 9 indicated
that there was no significant main effect of group for the
PTS, THC loss, and OHC loss but there was a significant
interaction of group and frequency. This interaction, indicat-
ing frequency specific effects, is the result of a shift in the
pattern of PTS and sensory cell loss toward the higher fre-
quencies for group NG100-825-U, the group exposed for 5
continuous days, relative to the three IITV groups
(NG100-B25-1, NG100-B25-I1, NG100-325-11I). When an
ANOVA is performed on only the three IITV groups, there is
no interaction effect and no main effect of group for the
OHC or IHC loss. There is, however, a main effect of group
for the PTS. Group NG100-B25-1I1 with the type III level
variation tended to have the greater PTS, although the differ-
ences overall were small except at 2 kHz where the PTS
exceeded that of the other two IITV groups by about 18 dB.

Increasing the kurtosis of four similar exposures from
B(t) ~25 to B(t) ~ 50 produced an increased level of trauma
(Fig. 10) as anticipated but an almost parallel set of fre-
quency specific results to those shown in Fig. 9 for the
B(t) ~ 25 exposures. A two-way ANOVA on the data in Fig.
10 indicated a significant interaction of group and frequency
for all dependent variables as well as a main effect of group
for the PTS and OHC loss but no main effect of group for the
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IHC loss. An ANOVA on the data from only the three groups
receiving the IITV exposures (i.e., eliminating group
NG100-855-U that received the 5 day exposure) indicated
no main effect of group and no interaction of group and
frequency for all dependent variables. Thus all three IITV
exposures at the higher level of kurtosis produced the same
degree of trauma regardless of the type of level variation.

The data from the four exposures shown in Fig. 5 were
consistent in showing the same effects on hearing regardless
of whether the exposures were 19 day, IITV, or 5 day con-
tinuous, thus supporting the use of an energy metric for
evaluating equivalent B(r) exposures. Also surprising was
that the 5 day uninterrupted exposure at 103 dB(A) pro-
duced the same effects as the three IITV exposures. Lower-
ing the overall level of the noise by 3 dB did show that the
IITV exposures were statistically similar regardless of the
type of level variation as long as B(¢) was the same. How-
ever, unlike the results at 103 dB(A) shown in Fig. 5, there
were small but significant differences between the 5 day un-
interrupted and 19 day IITV exposures.

The toughening effects (7,) measured from exposure to
the 100 dB(A), IITV exposures were similar in magnitude
and frequency distribution to that reported earlier for the
103 dB(A) exposures with over 20 dB of toughening being
measured at 0.5 and 1.0 kHz. Since asymptotic thresholds at
many frequencies were not limited by the AEP ceiling effect
more accurate estimates of 7, could be made. As with the
103 dB, IITV groups this amount of toughening did not re-
duce the trauma. In general, the 100 dB(A), IITV exposures
produced more PTS and cell loss at most frequencies than
did the uninterrupted 5 day exposures (Figs. 9 and 10). A
number of papers have shown that, as one might expect,
interrupted exposures will typically produce less trauma than
equivalent energy continuous exposures (Patuzzi, 1998;
Campo and Lataye, 1992; and others). In the above-noted
exposure paradigms the IITV exposures that produced mod-
est levels of toughening also produced the same or more
trauma than the uninterrupted reference exposures at the
same B(z).

This surprising result was also seen in the Gaussian
IITV exposures reported by Qiu er al. (2007) and in the
long-term impact noise exposures reported by Hamernik and
Ahroon (1998).

IV. CONCLUSION

The above-presented data along with the results in Qiu
et al. (2007) show that for a given total energy, temporal
variations in the rms level of a noise exposure do not have a
significant effect on the degree of trauma associated with
Gaussian and nonG complex noise exposures. The data are
also consistent in showing that under a variety of exposure
conditions the kurtosis of the amplitude distribution is an
exposure variable that should be considered when evaluating
complex noise exposures for the purpose of hearing conser-
vation practice. Increasing the kurtosis of an exposure at the
same energy increases the PTS and sensory cell loss while
exposures at the same kurtosis and energy regardless of their
temporal complexity produce similar levels of trauma.
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These data as well as the data from a number of refer-
enced papers showing both support for and against the EEH
suggest that while energy is a necessary metric for the evalu-
ation of noise environments for hearing conservation pur-
poses it is not sufficient. However, the results presented here
along with those of Qiu et al. (2006, 2007) and Hamernik
et al. (2003) suggest that energy and kurtosis may represent
a necessary and sufficient set of metrics for such an evalua-
tion. A better understanding of the role of the kurtosis metric
in NIHL should lead to its incorporation into a new genera-
tion of more predictive damage risk criteria for noise expo-
sure provided that human exposure and hearing loss data can
be acquired from suitably designed epidemiological studies.

ACKNOWLEDGMENTS

This work was supported by Grant No. 1-R01-OH02317
from the National Institute for Occupational Safety and
Health. The technical assistance of George A. Turrentine,
Ann Johnson, and Adam Bouchard is greatly appreciated. In
conducting this research the investigators adhered to the
“Guide for the Care and Use of Laboratory Animals,” pre-
pared by the Committee on Care and Use of Laboratory Ani-
mals of the Institute of Laboratory Animal Resources, na-
tional Research Council [DHHS Publication No. (NIH) 86-
23, revised 1985].

Atherley, G. R. C., and Martin, A. M. (1971). “Equivalent-continuous noise
level as a measure of injury from impact and impulse noise,” Ann. Occup.
Hyg. 14, 11-28.

Campo, P, and Lataye, R. R. (1992). “Intermittent noise and equal energy
hypothesis,” in Noise Induced Hearing Loss, edited by A. Dancer, D.
Henderson, R. J. Salvi, and R. P. Hamernik (Mosby Year Book, St. Louis),
pp. 456-466.

Canlon, B., Borg, E., and Flock, A. (1988). “Protection against noise trauma
by pre-exposure to a low-level acoustic stimulus,” Hear. Res. 34, 197-200.

Clark, W. W. (1991). “Recent studies of temporary threshold shift (TTS) and
permanent threshold shift (PTS) in animals,” J. Acoust. Soc. Am. 90,
155-163.

Clark, W. W., Bohne, B. A., and Boettcher, F. A. (1987). “Effects of periodic
rest on hearing loss and cochlear damage following exposure to noise,” J.
Acoust. Soc. Am. 82, 1253-1264.

Dolan, T. R., Murphy, R. J., and Ades, H. W. (1976). “A comparison of the
permanent deleterious effects of intense noise on the chinchilla resulting
from either continuous or intermittent exposure,” in Effects of Noise on
Hearing, edited by Henderson, D. Hamernik, R. P. Dosanjh, and D. S.
Mills (Raven, New York), pp. 327-340.

Dunn, D. E., Davis, R. R., Merry, C. J., and Franks, J. R. (1991). “Hearing
loss in the chinchilla from impact and continuous noise exposure,” J.
Acoust. Soc. Am. 90, 1979-1985.

Eldred, K. M., Gannon, W. J., and Von Gierke, H. E. (1955). “Criteria for
short time exposureof personnel to high intensity jet aircraft noise,” U. S.

2254 J. Acoust. Soc. Am., Vol. 122, No. 4, October 2007

Air Force, WADC Technical Note 55-355, Wright-Patterson Air Force
Base, OH.

Eldredge, D. H., and Covell, W. P. (1958). “A laboratory method for the
study of acoustic trauma,” Laryngoscope 68, 465-477.

Eldredge, D. H., Covell, W. P., and Gannon, R. P. (1959). “Acosutic trauma
following intermittent exposure to tones,” Ann. Otol. Rhinol. Laryngol.
68, 723-733.

Eldredge, D. H., Miller, J. D., and Bohne, B. A. (1981). “A frequency-
position map for the chinchilla cochlea,” J. Acoust. Soc. Am. 69, 1091—
1095.

Engstrom, H., Ades, H. W., and Andersson, A. (1966). Structural Pattern of
the Organ of Corti (Almqvist and Wiksell, Stockholm, Sweden).

Fay, R. R. (1988). Hearing in Vertebrates (Hill-Fay Associates, Winnetka,
IL).

Hamernik, R. P., and Ahroon, W. A. (1998). “Interrupted noise exposures:
Threshold shift dynamics and permanent effects,” J. Acoust. Soc. Am.
103, 3478-3488.

Hamernik, R. P., and Qiu, W. (2000). “Correlation among evoked potential
thresholds, otoacoustic emissions and cochlear sensory cell loss following
various noise exposures in the chinchilla,” Hear. Res. 150, 245-257.

Hamernik, R. P., Qiu, W., and Davis, B. (2003). “The effects of the ampli-
tude distribution of equal energy exposures on noise-induced hearing loss:
The kurtosis metric,” J. Acoust. Soc. Am. 114, 386-395.

Harding, G. W., and Bohne, B. A. (2004). “Noise-induced haircell loss and
total exposure energy: Analysis of a large data set,” J. Acoust. Soc. Am.
115, 2207-2220.

Henderson, D., Hamernik, R. P., Woodford, C., Sitler, R. W., and Salvi, R. J.
(1973). “Evoked response audibility curve of the chinchilla,” J. Acoust.
Soc. Am. 54, 1099-1101.

Hsueh, K. D., and Hamernik, R. P. (1990). “A generalized approach to
random noise synthesis: Theory and computer simulation,” J. Acoust. Soc.
Am. 87, 1207-1217.

Hsueh, K. D., and Hamernik, R. P. (1991). “Performance characteristics of a
phase domain approach to random noise synthesis,” Noise Control Eng. J.,
36, 18-32.

International Organization for Standardization, (ISO-1999). (1990).
“Acoustics: Determination of occupational noise exposure and estimation
of noise-induced hearing impairment,” ISO-1999, Geneva.

Lataye, R., and Campo, P. (1996). “Applicability of the Leq as a damage-
risk criterion: An animal experiment,” J. Acoust. Soc. Am. 99, 1621-1632.

Miller, J. D., Watson, C. S., and Covell, W. P. (1963). “Deafening effects of
noise on the cat,” Acta Suppl. 176, 1-91.

Patuzzi, R. (1998). “Exponential onset and recovery of temporary threshold
shift after loud sound: Evidence for long term inactivation of mechano-
electrical transduction channels,” Hear. Res. 125, 17-38.

Qiu, W., Davis, B., and Hamernik, R. P. (2007). “Hearing loss from inter-
rupted, intermittent, and time varying Gaussian noise exposures: The ap-
plicability of the equal energy hypothesis,” J. Acoust. Soc. Am. 121,
1613-1620.

Qiu, W., Hamernik, R. P., and Davis, B. (2006). “The kurtosis metric as an
adjunct to energy in the prediction of trauma from continuous, nonGaus-
sian noise exposures,” J. Acoust. Soc. Am. 120, 3901-3906.

Salvi, R. J., Ahroon, W. A., Perry, J., Gunnarson, A., and Henderson, D.
(1982). “Psychophysical and evoked-response tuning curves in the chin-
chilla,” Am. J. Otolaryngol. 3, 408—416.

Taylor, W., Lempert, B., Pelmear, P., Hemstock, 1., and Kershaw, J. (1984).
“Noise levels and hearing thresholds in the drop forging industry,” J.
Acoust. Soc. Am. 76, 807-819.

Hamernik et al.: Noise trauma and equal energy hypothesis



