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ABSTRACT
Objectives Occupational noise-induced hearing loss
(NIHL) is prevalent, yet evidence on the effectiveness of
preventive interventions is lacking. The effectiveness of
a new technology allowing workers to monitor daily
at-ear noise exposure was analysed.
Methods Workers in the hearing conservation program
of an aluminium smelter were recruited because of
accelerated rates of hearing loss. The intervention
consisted of daily monitoring of at-ear noise exposure
and regular feedback on exposures from supervisors. The
annual rate of change in high frequency hearing average
at 2, 3 and 4 KHz before intervention (2000e2004) and
4 years after intervention (2006e2009) was determined.
Annual rates of loss were compared between 78
intervention subjects and 234 controls in other company
smelters matched for age, gender and high frequency
hearing threshold level in 2005.
Results Individuals monitoring daily noise exposure
experienced on average no further worsening of high
frequency hearing (average rate of hearing change at 2,
3 and 4 KHz¼e0.5 dB/year). Matched controls also
showed decelerating hearing loss, the difference in rates
between the two groups being significant (p<0.0001).
Analysis of a subset of intervention subjects matched to
controls for initial rate of hearing loss showed a similar
trend but the difference was not statistically significant
(p¼0.06).
Conclusion Monitoring daily occupational noise
exposure inside hearing protection with ongoing
administrative feedback apparently reduces the risk of
occupational NIHL in industrial workers. Longer follow-up
of these workers will help determine the significance of
the intervention effect. Intervention studies for the
prevention of NIHL need to include appropriate control
groups.

BACKGROUND
Noise is one of the most prevalent occupational
hazards, and noise-induced hearing loss (NIHL) is
one of the most common occupational diseases.1

Despite widespread implementation of hearing
conservation programs in workplaces over recent
decades, NIHL continues to occur in noise-exposed
workforces. The 1983 Occupational Safety and
Health Administration (OSHA) occupational noise
standard requires that employers enrol workers
in hearing conservation programs when ambient
noise exposures are at or above 85 dBA (8 h time
weighted average (TWA)).2 Such programs consist
of administrative controls, engineering controls,
training, annual audiometry and the personal use of
hearing protection devices.3

Despite the existence of mandated hearing
conservation programs, there is a lack of evidence
that interventions to prevent occupational NIHL
are effective.4 One of the challenges to effective
hearing conservation is that the actual attenuation
provided by hearing protectors in real world
settings varies greatly between individuals and may
not correlate well with manufacturer ’s listed noise
reduction ratings.5 In addition, there is evidence
that in many noise exposure situations, hearing
protection devices are under-used.6 Recent studies
in industry have shown that hearing loss rates in
areas of moderate noise may be higher than in areas
of higher ambient noise, suggesting a differential
use of hearing protectors between the two envi-
ronments.7 Therefore, the actual noise dose that
workers are receiving on a daily basis is not known,
and many cases of NIHL are only detected after
significant loss has already occurred.
Recent advances in hearing protector technology

include the development of a device tomonitor noise
exposures inside hearing protectors, and to record
such noise data on a daily basis (K Michael, personal
communication, 2009). However, whether daily
monitoring of noise exposure is an effectivemeans of
preventingoccupational hearing loss remainsunclear.
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What this paper adds

< Occupational noise-induced hearing loss is one
of the most prevalent occupational conditions,
yet evidence, such as controlled intervention
trials, regarding the efficacy of preventive
measures is lacking.

< This paper analyses the effectiveness of an
intervention to prevent occupational hearing loss
using a novel technology allowing daily moni-
toring of noise exposure inside hearing protection.

< Over a 4-year period, workers with progressive
hearing loss who used the monitoring devices
showed, as a group, no further deterioration in
hearing; control subjects also showed improving
rates of hearing loss, but did not improve as
much as the workers using the devices.

< These results from one of the first controlled
intervention studies for the prevention of noise-
induced hearing loss indicate that daily noise
exposure monitoring inside hearing protection
may prevent further progression of hearing loss
in industrial workers, and also show the
importance of selecting appropriate controls
for such intervention studies.
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We report on an analysis of the hearing loss experience of
a cohort of industrial workers who are enrolled in a mandatory
program to perform daily noise exposure monitoring inside their
hearing protection devices. The purpose of the analysis was to
determine whether the users of the devices were experiencing
less hearing loss than control workers not enrolled in the
mandatory program.

METHODS
Alcoa Inc. is a worldwide producer of aluminium and other
industrial products. In Alcoa locations in the USA, hearing
conservation programs have been in place since the late 1970s or
earlier. Research collaboration agreements between Alcoa, Yale
University School of Medicine and Stanford School of Medicine
have resulted in ongoing analysis of audiometric data collected
for hearing conservation purposes that has been previously
described.8 Research protocols to analyse these audiometric data
have been reviewed and approved by Yale University School of
Medicine Human Investigations Committee as well as the
Institutional Review Board of Stanford School of Medicine. In
2005, an Alcoa smelter located in the USA initiated a mandatory
program requiring workers who were demonstrating excessive
hearing loss in the audiometric monitoring program to wear
hearing protection devices fitted with a dosimeter attached to
a microphone capable of measuring noise exposures inside the
hearing protection. The program’s definition of excessive loss
was an audiometric shift from baseline of at least 5 dB in the
average of hearing thresholds at 2, 3 and 4 KHz in either ear,
after age correction. Each worker enrolled in this program was
expected to use the dosimetry device to monitor noise exposure
on a daily basis. The dosimeter can be fitted into either earplugs
or earmuffs. In order to record daily noise ‘dose’, the dosimeters
were set to a 5 dB exchange rate, slow response, 100% dose of
90 dBA and 80 dBA noise floor. At the end of the work shift, the
worker placed the dosimeter in the cradle of an infrared reading
device connected to a computer terminal that would store the
time-weighted daily noise dose (as a percentage of the 90 dBA
permissible exposure limit (PEL)) and also display the dose result
on a computer screen available to the worker. Since Alcoa policy
specifies 85 dBA as the corporate occupational exposure level for
Alcoa workers, workers were instructed to keep recorded doses
to less than 50% dose (85 dBA). In addition, each dosimeter was
equipped with a visual warning signal that turns yellow when
daily cumulative dose exceeds 45% dose (84 dBA), flashes red
when short term exposures are over 85 dBA, and remains
a constant red when daily cumulative dose exceeds 100%
(90 dBA). In addition to the worker receiving feedback about
daily noise exposures, the worker ’s supervisor regularly reviews
both the recorded noise exposures as well as the completeness of
recording of the noise data, with a goal of 100% compliance.
Since the workers using the devices are enrolled in the hearing
conservation program, they receive annual surveillance audi-
ometry. We performed a retrospective analysis of the hearing loss
experience of these individuals before and after being enrolled in
this mandatory noise exposure monitoring program. SAS v 9.01
was used for all statistical analyses including the matching of
intervention subjects and controls.

Selection of intervention subjects
Using the Alcoa audiometric database for the location where the
intervention took place, we selected for this analysis workers at
the smelter facility who began use of the daily noise exposure
monitor device in 2005, and who had at least three audiometric
tests in the surveillance database in 2000e2004 and at least

three audiometric tests in 2006e2009. In 2005, 138 workers
were fitted with the daily exposure monitoring devices. Eighty
of these workers met the above criteria for analysing their
hearing loss experience.

Selection of controls
Controls were selected from workers among seven other Alcoa
smelter locations who had audiograms as part of the hearing
conservation program during the same historical period.
Controls were not selected from the same facility as the inter-
vention subjects to avoid facility-wide effects of the monitoring
programs. The control selection process involved searching the
Alcoa audiometric database for the records of individuals
included in the hearing conservation programs of these smelters
during the same time period. For each intervention subject we
selected three control subjects who matched on age (within
5 years), gender and high frequency hearing threshold level
(binaural average of 2, 3 and 4 KHz) (within 5 dB) in 2005.
Through this process we were able to match 78 of the subjects
to 234 controls.
To assess any possible effect of regression to the mean

occurring in subjects who had been selected due to high initial
rates of hearing loss, we performed two additional analyses. The
first was to determine, within the 80 intervention subjects,
whether the annual rate of hearing loss (annual rate of change in
the binaural average of 2, 3 and 4 KHz, in dB/year) during the
pre-intervention period was a significant predictor of subsequent
rate of hearing loss in the post-intervention period. In a multi-
variate regression controlling for age, hearing level and gender,
no significant association was found between rate of hearing loss
during the pre-intervention period and post-intervention rate of
hearing loss (p¼0.74). As an additional check for possible
regression to the mean effect, we performed a sub-analysis
matching on initial rate of hearing loss during the pre-inter-
vention period. This was done by dividing the initial rates into
quintiles and matching each intervention subject to a control
with an initial hearing loss rate from the same quintile,
matching as well on age, gender and hearing level as before. With
these criteria we were able to match 46 of the intervention
subjects to 138 controls. We performed subsequent analyses
using both the larger group of subjects and matched controls and
the more highly matched subgroup.

Rates of hearing loss
For each audiogram performed on intervention subjects and
controls, we calculated the average binaural high frequency
hearing levels at the noise-sensitive frequencies that are tracked
in OSHA hearing conservation programs (2, 3 and 4 KHz).9 We
then calculated for each intervention subject and control indi-
vidual the annual rate of hearing loss (in dB/year) by performing
a linear regression of audiometric results performed over
2000e2004 and 2006e2009 for each individual. We then
compared the difference between the pre-intervention rates and
the post-intervention rates for both the intervention and control
subjects using a difference-in-difference analysis, as shown in the
following equation:

Difference in difference ¼ ðRIPost �RIPreÞ � ðRCPost �RCPreÞ

where R is the annual rate of hearing loss, I and C are the
intervention subjects and controls, Post is the post-intervention
time period (2006e2010), and Pre is the pre-intervention time
period (2000e2004). The statistical significance of the difference
between the groups was assessed using a t test.
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Calculation of ambient noise exposure and noise exposure inside
the hearing protection
Alcoa routinely performs noise exposure assessments for noisy
areas in facilities, and these noise measurements are entered into
an industrial hygiene database which allows linkage of particular
job titles to noise exposures in a job exposure matrix. We used
this job exposure matrix to calculate the mean TWA ambient
(outside the hearing protection) noise exposure for workers in
the study (both intervention subjects and controls), by calcu-
lating a work history for each worker and then assigning them
an ambient noise exposure based on the job exposure matrix.
These methods have been described previously.7 Median
ambient noise exposures during 2001e2004 and 2006e2009
were calculated for 68 of the intervention subjects and 166
controls whose jobs could be linked to noise measurements in
the company industrial hygiene database.

For the 80 intervention subjects, we used the daily noise
monitoring records to calculate the median daily noise exposure
over the intervention period for each individual, and then
determined the median and range of noise exposures for the
intervention group as a whole.

RESULTS
Demographics
Table 1 shows the demographics of the study subjects and 234
controls matched on age, 2005 hearing level and gender, as well
as the overall population of smelter workers from which the
controls were drawn. As can be seen, the average age and years
of previous employment indicate that a number of workers had
substantial prior exposure to occupational noise at the initiation
of intervention. There were no significant differences between
intervention subjects and controls for age, gender and duration
of employment in the smelters. There was a higher percentage of
Hispanic ethnicity among intervention subjects compared to
controls. Controls had higher reported rates of hunting and/or
shooting compared to controls. Compared to the general worker
population, both the intervention subjects and the controls were
slightly older and exhibited higher average hearing thresholds.

Rates of hearing loss
Table 2 shows the rate of hearing loss in the binaural average
hearing level at 2, 3 and 4 KHz (in dB/year) for the 80 inter-
vention subjects. The rate of annual hearing loss declined
markedly between the pre-intervention and post-intervention
time periods. When the 78 intervention subjects are compared to

234 controls from similar facilities, matched on age, gender and
hearing level, it can be seen that there was some deceleration in
the rate of loss in both groups between the pre- and post-
intervention time periods. Despite this similarity, the difference
in hearing loss rates between the pre-intervention and post-
intervention time periods was significantly greater for the
intervention subjects (p<0.0001). For the subgroup of 46 inter-
vention subjects and 138 controls who could be matched on age,
gender, 2005 hearing level and annual rate of hearing loss during
the pre-intervention time period; rates of hearing loss for both
intervention subjects and controls improved during the second
time period, with a trend towards greater improvement in the
intervention group (p¼0.06).
Figure 1 graphically depicts the annual median of hearing

thresholds for the frequencies of 2, 3 and 4 KHz for 78 inter-
vention subjects and 234 matched controls. The controls
showed a gradual worsening of yearly average thresholds, while
the intervention subjects demonstrated a levelling off of annual
average thresholds after initiation of the intervention.
Figure 2 shows the annual median hearing thresholds for the

subgroup matching on initial rate of hearing loss. Again, the
controls show gradual worsening of hearing thresholds while
the intervention subjects show a levelling off. The difference
between the intervention group and controls appears less
distinct in this matched analysis.

Calculated noise exposures
The median of ambient (ie, outside hearing protection) noise
measurements for the jobs of the 68 intervention subjects
who could be linked to company industrial hygiene noise
exposure assessments was 86.6 dBA (IQR 75.3e88.4) during the
pre-intervention period, and 86.6 dBA (IQR 74.7e88.4) during
the post-intervention period. This indicates that among the
post-intervention group, there was no evidence of selective
out-migration from heavily exposed jobs. The pre-intervention
median ambient noise levels for the 158 controls who could be
linked to company industrial hygiene records was 80.9 dBA (IQR
79.1e85.1) between 2001 and 2004, and 80.6 dBA (IQR
79.2e84.9) during the post-intervention period between 2006
and 2009.
For the 80 intervention subjects, the median of individual

median noise exposures (assessed on a daily basis inside hearing
protection) over the intervention period was 74.7 dBA (IQR
69.7e78.0).

DISCUSSION
The results of this study indicate that daily use by industrial
workers of devices that monitor noise exposure inside their
hearing protection and that make the results of these daily noise
dose measurements available to both workers and their super-
visors may decrease occupational hearing loss risk. Since hearing
loss develops gradually over time, further follow-up of this
cohort can help confirm the significance of the intervention
effect.
There are a number of reasons why daily noise exposure

monitoring could be effective in preventing occupational hearing
loss. Workers who are regularly alerted to their true occupational
noise exposures can play an active role in optimising their use of
hearing protection devices to reduce such exposures, such as
using hearing protection more consistently and more effectively,
as well as avoiding excessively loud noise sources. Making
company personnel aware of employee noise exposures on
a daily basis could result in such persons identifying and taking
steps to reduce sources of excessive noise exposure. While our

Table 1 Characteristics of intervention subjects and controls

Characteristic

Intervention
subjects
(N[78)

Workers in
seven other
smelters
(N[2210)

Matched
controls
(N[234)

Age (mean, SD) 48.7 (7.2) 46.7 (8.2) 48.6 (7.5)

Male (n, %) 78 (100.0) 2045 (92.5) 234 (100.0)

Race (n, %)

White 69 (88.5) 1873 (84.8) 224 (95.7)

Hispanic 6 (7.7) 37 (1.7) 5 (2.1)

American Indian/
Alaska native

2 (2.6) 20 (0.9) 2 (1.0)

Asian 1 (1.3) 6 (0.3) 0 (0.0)

African American 0 (0.0) 274 (12.4) 3 (1.3)

Tenure (mean, SD) 22.5 (9.9) 18.5 (10.5) 20.6 (10.4)

History of shooting (n, %) 30 (38.5) 904 (40.9) 113 (48.3)

Hearing at start of intervention (mean, SD)

Average 2e4 KHz 28.2 (13.4) 20.5 (15.1) 28.2 (13.6)
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data suggest that daily noise monitoring intervention with at-
ear noise exposure assessment may be effective in reducing
hearing loss, there may be alternative technological ways (in
addition to at-ear noise exposure monitoring) to achieve the
same result, such as ambient dosimeters with warning devices
worn on the shoulder to alert workers to excessive noise expo-
sures. Further research on such approaches to determine the
relative effectiveness of different program components appears
warranted.

Since this study was an observational analysis, it is possible
that other factors could explain the observed results. If workers
who began using the daily noise exposure monitoring devices
migrated to less noisy jobs, their risk of subsequent hearing loss
might be expected to decrease. However, the estimated ambient
noise exposures for the intervention subjects before and after the
initiation of daily monitoring did not indicate substantial
evidence of such out-migration from noisy jobs.

For the subjects who wore the daily noise exposure devices, the
calculated average rate of hearing in the binaural average of 2, 3
and 4 KHz during the post-intervention period actually demon-
strated improvement of 0.5 dB/year. Since surveillance audio-
grams were used to calculate these hearing rates, and such
audiograms are typically performed during work shifts without
allowing the ear a rest period in quiet, we believe that one likely
explanation for the observed ‘improvement’ in hearing thresholds
could be a reduction in the degree of temporary hearing threshold
shifts due to improved consistent noise exposure reduction.

A possible explanation for the reduced rate of hearing loss
during the post-intervention period (in both intervention
subjects and controls) is the previously reported observation
that the rate of NIHL in exposed workers is greatest in the first
10e15 years of exposure, and decelerates after that.9 The

workers using the devices had a history of previous noise
exposure. Therefore it is possible that some portion of the
observed deceleration in yearly loss could be due to the fact that
their NIHL was already slowing. This could help explain why
the matched controls also demonstrated a deceleration of
hearing loss rates during 2006e2009. Another possible reason for
the observed reduction in hearing loss rates during 2006e2009 is
that conventional interventions through their hearing conser-
vation program, such as counselling, retraining and refitting of
hearing protectors, could have been exhibiting a beneficial effect.
An additional factor could be the statistical phenomenon of
regression to the mean, whereby for some of the individuals
selected based on their rapid rate of hearing loss, their observed
hearing loss could have been due to random measurement error,
and they would then be expected to regress to the mean hearing
loss experience of the rest of the population with subsequent
measurements. Even in the presence of these effects that could
obscure a beneficial effect of the intervention, a statistically
significant difference in hearing loss rates was observed between
intervention subjects and controls, arguing strongly for the
effectiveness of the intervention. When a subgroup of the
intervention subjects was matched with controls based on
the initial rate of hearing loss in the pre-intervention period, the
intervention group still showed less hearing loss than controls,
but the difference between the rates of hearing loss for the two
groups during the subsequent time period was less distinct and
did not reach statistical significance. This implies that some
(but not all) of the observed difference in hearing loss rates
between intervention and control groups was probably related
to the statistical phenomenon of regression of the mean. This
further demonstrates the need for careful selection of controls in
intervention studies of this type.

Table 2 Average rate of hearing loss (dB/year) before and after initiation of daily noise exposure monitoring

Intervention group Control group Difference
in difference* p ValueNo. Before After No. Before After

All intervention subjects 80 1.7 (1.3) �0.5 (1.9)

Matched on age, gender, baseline hearing 78 1.8 (1.3) �0.4 (1.5) 234 0.4 (1.1) �0.1 (2.1) 1.7 <0.0001

Matched on age, gender, baseline hearing
and initial rate of hearing loss

46 1.4 (1.5) �0.2 (1.6) 138 1.1 (1.1) 0.45 (1.45) 1.0 0.06

*Difference in the difference between the pre-intervention (2000e2004) and post-intervention time periods (2006e2010).
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Figure 1 Median high frequency hearing threshold levels for
intervention subjects (N¼78) and matched controls (N¼234) before and
after initiation of daily noise exposure monitoring.

10.0

15.0

20.0

25.0

30.0

35.0

40.0

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

A
v
e
r
a
g
e
 
2
,
3
,
4
K
H
z
 
(
D
b
)

Year 

Control Group

Intervention Group

Figure 2 Median high frequency hearing threshold levels for
intervention subjects (N¼46) and controls (N¼138) matched on initial
rate of hearing loss.
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Another reason for the observed difference in hearing loss
rates between intervention subjects and controls could be
confounding effects of other covariates, such as exposure to
ototoxic chemicals or non-occupational noise. Indeed, the
reported rate of hunting and/or shooting was slightly higher in
the control subjects. However, when intervention subjects and
controls were matched on reported hunting and shooting status
(as well as age, gender and 2005 hearing loss), this matching did
not affect the study results. Additionally, the fact that controls
were drawn from similar industrial facilities (aluminium
smelters) and were similar to intervention subjects in age, work
tenure and baseline hearing level, makes such confounding less
likely (although still possible). In terms of ototoxic exposures,
both intervention subjects and controls worked in aluminium
smelters where exposures to solvents and other ototoxic chem-
icals did not appear to be significant. Therefore, the weight of
the evidence from this study appears to support the protective
effect of the daily noise exposure monitoring intervention on
rates of NIHL.

There are limits to generalising the results of this study. The
workers selected for the intervention tended to be older and
with worse baseline hearing than the general population of noise
exposed workers, and it is possible that different effects would
be seen in other populations. An important aspect of the inter-
vention is that participation in the daily noise exposure moni-
toring program was mandatory at the intervention location, and
that supervisors were aware of the daily noise doses of the
workers. It is possible, therefore, that other factors besides use of
the monitoring device could explain the impact on hearing loss
risk. These factors could include greater involvement of super-
visors in the hearing conservation program, and other changes in
work practice associated with the program. It is furthermore
difficult to generalise the effectiveness of a mandatory program
to a setting where the use of such devices would be voluntary.
An intervention effectiveness trial of voluntary use of the daily
noise exposure monitoring devices is currently underway. If
additional controlled (and ideally randomised) trials of this type
confirm the promising effect of daily noise exposure monitoring

seen in this observational study, it could open up important new
possibilities for the prevention of NIHL.
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