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The large intersubject variability observed in demographic studies of noise-induced hearing
loss illustrates how difficult it can be to estimate with precision the risk posed by exposure to
noise. One possible source of the variability is the result of evaluating a diverse set of acoustic
conditions with a simple metric A-weighted energy. In this paper the limitations of the energy-
based criteria are reviewed. The benefits of evaluating a noise exposure in terms of energy and
the metrics of frequency and time-domain kurtosis are discussed. A second source of
variability in industrial noise studies may be related to non-acoustic factors such as chemical
exposures that contribute to hearing loss acquired on the job
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Introduction

ISO 1999 and current U.S. noise standards were
established using the results of a number of
demographic studies done at least 30 years ago
(Burns and Robinson, 1970; Passchier-Vermeer,
1983). The original noise standards reflected a
reasonable synthesis of prevailing scientific
understanding and had merit when they were
first advanced. However, the ISO and
Department of Labor standards were based on
demographic studies that are fundamentally
limited by large intersubject variability. In
addition, during the 30 years since the original
formation of the current noise standards, science
has produced important new insights into the
relation between a subject’s noise exposure and
the resultant hearing loss. This paper reviews
our current approach to assessing risk from noise
and discusses noise metrics as well as the
possibility of noise interaction in the workplace.

Assessing Risk from Noise Exposures

The study of weavers by Taylor et al. (1965)
dramatically illustrates the problem of variability
in demographic studies. Taylor studied metal
workers in a setting where the noise exposure
was well documented. Individual worker’s
medical records were available and the noise
level in the factory had been relatively stable for
years. Taylor et al. (1965) quantified the noise
exposure using the noise emission level, an
energy measure that is based on daily A-
weighted levels and number of years of
exposure. At that time the prevailing wisdom
was that hearing loss was proportional to the
total acoustic energy received by the individual
over the course of their work history. In spite of
their careful attention to experimental control,
the data are plagued with great individual
variability (i.e., individuals with nominally the
same exposure could have levels of hearing that
ranged over 60 dB). Several explanations for this
variability can be put forward. Among these are:
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(1) It 1s difficult to accurately estimate an
individual’s noise exposure history, including
both  industrial and recreational. (2)
Alternatively, a simple energy based prediction
is not adequate (i.e., exposures with the same
total A-weighted energy may be different in the
potential for creating hearing loss.  This
possibility is suggested by a comparison of data
collected by Burns and Robinson (1970) and by
Passchier-Vermeer (1974). Both studies used
acoustic energy as a measure of noise exposure.
Surprisingly,  Passchier-Vermeer’s (1974)
subjects have a higher level of hearing loss for
the same energy of the exposure than do those of
Burns and Robinson. The differences in degree
of hearing loss between these two studies may be
related to the nature of the noise exposures. The
Burns and Robinson study involved workers
exposed to a relatively constant level of noise,
but the noise exposure in the Passchier-Vermeer
consisted of irregular combinations of
continuous and impact noise. The hazards
associated with combinations of continuous and
impulse noise were identified in an early study
by Hamernik and Henderson (1976). They
reported that combinations of impulse and
continuous noise could dramatically increase the
effect of either the continuous or impulse noise.
For example, chinchillas exposed to either 150
dB impulses (1 msec A-duration) or continuous
noise (4 kHz OB @ 90 dBA) develop small
hearing losses and cochlear lesions. However, if
the two noises are combined the increase in total
energy of the exposure is trivial but the traumatic
effects are greatly increased — i.e., more than a
simple addition of each effect. While the
impulses used in this study are not typically
found in industry, the results suggested that non-
Gaussian noises (combinations of impulse and
continuous noise) may pose an increased risk of
hearing loss when compared to Gaussian noises
with equivalent energy and spectra. The
comparison of the demographic results of
Passchier-Vermeer and those of Burns and
Robinson and the experimental results of
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Hamernik and Henderson cast some doubt on the
validity of noise standards that are based simply
on an energy model and point to the importance
of the noise waveform as a factor influencing the
extent of hearing loss.

As early as 1980, Bruel reported on the influence
of crest factor in NIHL. Additional experimental
animal model studies (Roberto et al., 1985;
Nilsson et al., 1980; Hamernik et al., 1993;
Ahroon et al., 1993) have demonstrated quite
clearly that an A-weighted Leq is not a sufficient
measure of hazard associated with non-Gaussian
noise environments. Demographic data
(Passchier-Vermeer, 1983; Sulkowski et al.,
1983; Taylor et al., 1984; Thiery, 1987; Thiery
and Meyer-Bisch, 1988) show that non-Gaussian
noise exposures are more hazardous to hearing
than are Gaussian noises of similar Leq. Our
own recent animal studies (Hamernik et al.,
1993; Lei et al., 1994) have shown that noises
that have the same Leq and the same spectra but
that differ considerably in their temporal
structure produce very different pattern and
severity of hearing loss. Histological data
confirm this result. It should be noted that unlike
the stimuli used by Hamernik and Henderson
(1976) the noises synthesized by Lei et al. (1994)
were typical of many industrial noise
environments. Examples are shown in Figure 1.
The highest peak levels of the impacts did not
exceed 126 dB. Other non-Gaussian stimuli were
composed of band limited Gaussian noise bursts
in combination with broad band Gaussian noise
to construct non-Gaussian stimuli. Collectively,
the experiments were clear in showing that an
understanding of the temporal structure of a
noise exposure is critical to predicting its hazard
to hearing and, as a corollary, that time-averaged
metrics such as energy are not adequate for
estimating the hazard to hearing from
industrial/military noise environments. These
environments are usually very complex (i.e., in
the most general case, non-stationary stochastic
signals) and require, in addition to energy,
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Figure 1. Waveforms of three noises, each with same spectrum and average power but differing in

time-domain kurtosis value

metrics that quantify the specific temporal and
peak properties of a noise exposure in order to
estimate the risk to hearing.

Unfortunately, while (A-weighted) energy is not
sufficient to characterize a noise exposure for the
purpose of hearing loss prevention there is, at
present, no other generally accepted metric or
combination of metrics to be used as an

alternative. Twenty years ago when the
demographic data incorporated into ISO-1999
were assembled, energy metrics were the only
measures that could readily be extracted from a
noise environment with conventional noise
survey equipment. Thus, by default, energy
became the metric for estimating the auditory
consequences of a mnoise exposure. The
accumulating experimental data provide
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evidence that the enormous variability seen in
the hearing loss data that were incorporated into
the ISO-1999 standard (Mills et al., 1996) may
be, in part, the result of organizing the diverse
exposure conditions to which the subject
population was exposed around the single
descriptive metric; energy.

Alternative Approach to Noise Analysis

A review of experimental and demographic
studies shows that an energy based model of
hearing loss prevention may be suitable for
Gaussian noise but an alternate approach to noise
analysis 1s needed for statistically more
complicated exposures. On the basis of
preliminary experimental data, we suggest that
an energy metric in combination with the
statistical metrics of frequency- and time-
domain kurtosis and the joint peak-interval
histogram may provide necessary (and possibly
sufficient) information to evaluate any industrial
noise environment’s potential for causing
hearing loss.

Kurtosis — A Critical Parameter for NIHL?

The first moment of a distribution is the
arithmetic mean; the second central moment is
the variance of the distribution; the third
standard moment is the skew of the distribution;
the fourth standard moment, defined below, is
referred to as the kurtosis of the distribution. A
distribution may be symmetric but still deviate
from normality. Kurtosis is a metric used to
quantify the departure from normality. The
probability density distribution of a random
variable may be flatter (have thinner tails) or
more peaked (have fatter tails) than normal. The
former is referred to as platykurtic the latter as
leptokurtic. The normal distribution is also
referred to as mesokurtic. Note that the standard
moments incorporate the square root of the
variance. The kurtosis of the normal distribution
is 3, while distributions that are more or less
outlier prone have kurtosis values that are greater
or less than 3 respectively. Frequency domain
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kurtosis is essentially the time domain kurtosis
computed on consecutive frequency bands of the
non-Gaussian signal. The width of the bands on
which B is calculated can be variable. The use of

this metric was first introduced by Dwyer
(1984).

Kurtosis is defined as the ratio of the fourth-
order central moment to the squared second-
order central moment of the sample distribution.
The kurtosis of a non-Gaussian stochastic signal
can be used to measure or estimate the
“peakedness” of the amplitude distribution of
noise exposure. Erdreich (1986), without the
backing of direct experimental data, suggested
that the kurtosis of the amplitude distribution
could be used as a metric to evaluate the effects
of the temporal peak distribution properties of a
noise exposure on hearing.

Lei et al. (1994) developed the following
working hypothesis: for the same total energy
and spectrum a high-kurtosis noise exposure is
more hazardous to hearing than a Gaussian noise
exposure, and that this effect is frequency
dependent.

Using a very limited set of exposure parameters,
they found that the kurtosis (statistic) metrics in
both the time, B(t), and frequency domains, B(f),
were shown to: (1) rank order the level of
hearing trauma and (2) reflect the frequency
specificity of trauma. Figure 1 shows the
waveform for three of the noises used in their
experiments. It should be noted that each noise
had the same total acoustical energy and long-
term spectrum. Figures 2 and 3, taken from the
Lei et al. (1994) paper, illustrates the relations
that were found between the effects of non-
Gaussian noises and the metrics. In this set of
experiments five different noise exposures were
used. All exposures had the same total energy
and energy spectrum. Each exposure lasted for
the same length of time. They differed only in
their temporal and peak properties, producing
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Figure 3. A comparison of the B(t) spectrum and the total OHC loss. (From Lei et al., 1994.)

differences in the kurtosis metrics computed on
both the time and frequency domain signal.
Both band limited impacts or noise bursts
superimposed on a background Gaussian signal
produced variable values of kurtosis in both the
time and frequency domains. Figure 2 shows the
pattern of hair cell loss along the basilar
membrane and the B(f) distribution. Figure 3
shows the P(t) statistic and how it relates to the
group average total OHC loss.

These figures clearly show that there are good
correlations between both frequency domain
kurtosis and the permanent effects of a
nonGaussian noise exposure. Especially
impressive is the close relation between B(f) and
the profile of outer hair cell loss shown in Figure
2 where the difference between the OHC loss
measured in the Gaussian and each of the four
non-Gaussian conditions is presented as a
function of octave band center frequency at
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which cell loss and B(f) were measured. Figure
3 shows the relation between B(t) and the total
OHC loss in each of the five exposure
conditions. B(t) clearly rank orders the OHC
loss. Note also, that the Gaussian condition,
B(t)=3, produced less than a mean total of 1,000
lost OHC while the same energy and spectrum
B(t)=84 condition produced a mean of over
4,000 missing OHCs.

The results presented in the Lei et al. (1994)
paper are a clear indication that in addition to
energy, temporal and peak variables are
important determinants of hearing loss. These
results showed that B(t) and B(f), the time- and
frequency-domain kurtosis statistic respectively,
are highly correlated with trauma.

The application of kurtosis based metrics to
predict hearing loss from exposure to noise
needs to be studied more thoroughly, and under



a wider range of acoustic parameters. However,
the strength of the initial data suggests that
metrics for evaluating the risk associated with an
exposure should be modified to include not only
the total energy of the exposure but also how the
energy is distributed over time. This proposal
can be reasonably approached at this time
because current noise measurement instruments
could be modified to also measure the statistical
properties of a noise.

Non-Acoustic Interactions in Workplace

Prevention of hearing loss typically has meant
controlling subject’s noise exposure and in
industrial settings, occupational hearing loss was
considered to be synonymous with NIHL.
However, new information has shown that
certain non-acoustic factors in the work place
may directly affect hearing, or interact with
noise, and are considered possible contributors
to the individual variability in susceptibility to
noise-induced hearing loss (Franks, Davis &
Krieg, 1989; Phaneuf & Hétu, 1990; Morata,
Franks & Dunn, 1994). Besides noise, the
contribution of vibration, extreme temperatures
and chemicals has been examined in the
occupational arena. Ototoxic effects have been
reported after exposure to metals, solvents and
asphyxiants (for reviews see Franks and Morata,
1996; Johnson and Nylon, 1995). If exposure to
some of these chemicals occur in sufficiently
high concentrations, hearing may be affected
despite lack of exposure to excessive noise
(Morris, 1969; Nikolov, 1974; Bencko &
Symon, 1977; Barregard & Axelsson, 1984;
Schwartz & Otto, 1987; Mizukoshi et al., 1989;
Jacobsen et al., 1993; Discalzi et al.,, 1993;
Farahat et al., 1997; Morata et al., 1993, 1997a,
1997b). These findings have serious implications
to hearing loss prevention in the workplace.
When the current noise standards were originally
promulgated, there was scant evidence for
chemically induced hearing losses or interaction
between noise and industrial chemicals. What is
clear today is that most noisy industrial settings

can have other potentially dangerous factors for
hearing.

The National Occupational Research Agenda
(NORA), result of an inclusive consultation
initiative coordinated by the National Institute
for Occupational Safety and Health, US,
identified multiple exposures as a research
priority for the occupational safety and health
community (NIOSH, 1996). The risk to hearing
posed by combined exposures to noise and
chemicals was given as a specific example of
issues in need of investigation.

Additionally, in the NIOSH publication
“Preventing Occupational Hearing Loss: A
Practical Guide” (Franks, Stephenson & Merry,
1996), an argument is presented for broadening
the scope of risk assessment and preventive
initiatives. It also recommended that the term
“occupational hearing loss” should not be a
synonym for “noise-induced hearing loss”.
Moreover, it is advised that hearing loss
prevention programs take chemical exposures
into account when monitoring for hazards,
assessing hearing and controlling exposures.

The American Conference of Governmental
Industrial Hygienists in its 1998 Threshold
Limited Values and Biological Exposure Indices
(TLVs® and BEIs®) publication, went a step
beyond, including a note in its Noise Section
which states: “In settings where exposure to
toluene, lead, manganese or n-butyl alcohol
occurs, periodic audiograms are advised and
should be carefully reviewed.” It also lists other
chemicals under investigation. If such
recommendation is followed, data should be
available in a few years that will allow
recommendations to be formulated regarding:
ototoxicity exposure limits for chemicals,
exposure limits for noise-chemical combined
exposures, and hearing loss prevention strategies
that are not limited to exposures to excessive
noise levels.
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Figure 4. Examples of audiometric profiles from workers who were either noise exposed (A) or noise
plus solvent exposed (B) (from Johnson et al., 1998).
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Investigating The Effects Of Industrial
Chemicals On Workers’ Hearing

The American Conference of Governmental
Industrial Hygienists (ACGIH,1998) alluded to
the complexity of investigating industrial
chemicals effects. The hearing loss from
industrial chemicals can be very similar to the
hearing loss from ototoxic drugs such as
aminoglycosides and cisplatin, as well as to the
hearing loss from noise. General descriptors of
these disorders are very similar: bilaterally
symmetrical, irreversible, high frequency (3 to 6
kHz) sensorineural hearing loss with damage
mainly to cochlear hair cells. Comparison of
these descriptors reveals how difficult it may be
to make a differential diagnosis and to determine
causation of hearing loss among workers. It also
may  explain why the effects of
environmental/occupational chemical exposure
have been long overlooked. For instance, the
effects of occupational exposure to solvents
became evident only after the prevalence of mild
to moderate high frequency hearing loss among
groups with different exposure conditions were
compared (Bergstrom and Nystrom, 1986;
Morata et al., 1993). A higher prevalence of
hearing loss has been associated with combined
exposure to noise and solvents compared with
exposure to noise alone. Such effect could have
been overlooked if only audiometric threshold
means were compared (Morata et al., 1993).

Literature on the on the effects of solvents on the
human auditory system suggests that hearing
loss may have both cochlear and retrocochlear
sites (Morata et al., 1993, Odkvist et al., 1987;
Moller et al., 1989). Audiometric findings
associated with exposure to solvents revealed
mild to moderate hearing losses. However,
despite a mild audiometric effect, the hearing
loss from solvents may significantly impact the
individual’s ability  to communicate.
Consequently, use of audiological tests that
evaluate the central auditory system becomes
crucial, and may elucidate effects of chemicals

from effects from noise. Figure 4 displays two
cases from a pilot study by Johnson et al. (1998).
It illustrates that noise and solvent exposed
workers may have audiometric thresholds that
are equivalent to workers exposed exclusively to
noise, but performance in other audiological
tests can differ. Figure 4a, displays results of a
noise- exposed worker, with a mild high
frequency audiometric loss, and normal acoustic
reflexes and normal results in one sensitized
speech test (Interrupted Speech). Results on
figure 4b are from a worker exposed to noise and
the solvent styrene. Audiometric thresholds are
comparable to the noise-exposed worker, but
results on other tests are not all normal, and
suggest retrocochlear involvement.

Swedish researchers have used comprehensive
audiological test batteries to investigate workers
exposed to mixtures of solvents in different work
settings (Odkvist et al., 1982, 1987; Moller et al.,
1989). The test battery included pure-tone
audiometry, speech reception threshold,
maximum speech discrimination score,
discrimination of interrupted speech, acoustic
reflex thresholds and decay, auditory brainstem
and cortical response audiometry. The findings
of pure-tone audiometry and speech
discrimination testing were essentially normal
for age and noise exposure history, and did not
indicate measurable cochlear damage due to
solvent exposure. However, significant
abnormalities were found in tests that assessed
central portions of the auditory pathways,
especially discrimination of interrupted speech
and cortical potentials evoked by frequency
glides (Odkvist et al., 1987; Méller et al., 1989).

Analysis of Audiometric Data

The majority of investigations on occupational
hearing loss has relied on averaging pure tone
thresholds to assess noise effects on auditory
function. To investigate the effects of chemical
exposure, this traditional approach may not be
sufficient, or even appropriate because
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chemically induced hearing loss may be trivial in
terms of threshold shift, but serious in terms of
listening, particularly in noise.

Because of the potential for noise to act as a
confounder, approaches that are more robust
indicators of the risk posed by occupational
chemical exposures on hearing include:
classification of audiometric results using
specific criteria and subsequent estimation of
prevalence or incidence rates and relative risk
from analyzing hearing as a binary variable
(normal vs. high frequency hearing loss). Some
examples of these alternatives were discussed
previously by Morata and Lemasters (1995).
The prevalence of hearing loss between groups
with different exposure conditions should be
examined even if audiometric thresholds, by
themselves, do not allow for easy identification
of the effect of chemicals on hearing, and
especially when pure-tone audiometry is the only
available test.

Other Considerations

Heretofore, few human studies have examined
the time necessary for chemical exposures to
affect the auditory system, and there is still
uncertainty whether it is a chronic or acute
process. Investigations that examined solvents
effects over time indicated that hearing loss may
be observable two to three years earlier than is
usually seen with noise exposure (Morata, 1989;
Morata et al., 1993). Another study, however,
observed a significant effect of solvents only
after 5 or more years of exposure (Jacobsen et
al., 1993). This issue of latency is certainly
dependent on the specific ototoxicant and
patterns of exposure, and needs further
investigation.

Another issue in need to investigation concerns
the concentration of chemicals necessary to
affect the auditory system. Recent reports have
indicated  that levels below  current
recommended limits for certain solvents might
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be harmful to the auditory system (Liu and
Fechter, 1997; Morata et al., 1997a, b). More
research on solvent-induced hearing losses is
needed to address the issue of adequacy of
recommended limits.

In summary, occupational hearing loss risks need
to be redefined to include hazards other than
noise. Specifically, there is evidence that
chemical exposure alone can lead to auditory
dysfunction, and combined exposure with noise
may lead to interactive effects. To understand
the interactions of noise with chemicals, both
field and laboratory research are necessary.
Field studies will elucidate risk from exposures
to chemicals and noise-chemical combinations.
Laboratory studies will establish dose-response
relationships, leading to hearing-damage-risk
criteria for chemicals and combined exposures.

Conclusion

Industrial hearing loss continues to be a major
health problem. There is no question that well
managed hearing conservation programs prevent
or reduce significant hearing loss in many work
situations. Risk assessment is a fundamental
step of hearing conservation programs.
Currently it relies exclusively on the noise dose
measurements (i.e., dBA levels x duration).
Evidence available today indicates that risk
assessment can be markedly improved with
attention to two major factors: (1) statistical
variability of the noise distribution, and (2) the
possibility for noise/chemical interactions.
Given the improvements made in
instrumentation, a more precise assessment of
risk is a reasonable goal.
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