








arbitrary numbers. SAS version 9.3 statistical software was
utilized for analyses (SAS Institute Inc., Cary, NC).

Prevalence and incidence percentages were estimated
for each industry sector and time period. Probability ratios
(PRs) for incident hearing loss were estimated using the
SAS

1
genmod procedure for log-binomial regression

[Spiegelman and Hertzmark, 2005]. PRs were calculated
since some estimates were expected to exceed 10% and odds
ratios should only be utilized for rare outcomes [Deddens and
Petersen, 2008], and for ease of interpretation. The Repeated
Statement was used to account for multiple observations for
one worker. The log-binomial regression models did not
converge and the copy method was used to estimate PRs
[Deddens and Petersen, 2008].

The PRs, which identify the risk of becoming an incident
case in each time period as compared with the reference time
period, were adjusted for gender, age group, region and
provider. When all industry sectors were combined, the PRs
were also adjusted for industry sector. Confidence intervals
were also calculated. The Quasi-Akaike Information
Criterion (QIC) statistics were reviewed to determine if
there was a significant interaction among the patterns of
hearing loss for the industry sectors over time.

Period 2 was designated as the PR reference time period
for all industry sectors except Mining, Quarrying, and Oil
and Gas Extraction (hereafter referred to as Mining) and
Healthcare and Social Assistance, due to insufficient sample
size in Period 2. Periods 5 and 4 were used as reference time
periods for these industry sectors, respectively. A PR >1
indicated that the risk was higher in the current time period
than in the reference time period. A PR<1 indicated that the
risk in the current time period was less than in the reference
time period.

Results

Sample demographics by time period are provided in
Table II. Within all time periods, most workers were males
(77–82%) and the largest percentage were employed in
the U.S. Midwest (39–49%). Over time, the percentages of
female workers and older workers increased. Although the
number of audiograms available in our sample increased
dramatically over time, the proportions for industry sectors
remained fairly constant. The manufacturing sector ac-
counted for the majority of the audiograms (68–76%).

Table III includes the estimated prevalence of workers
with hearing loss by industry sector over time. The overall
prevalence of hearing loss for all industry sectors combined
remained very consistent over time, with 20% in Period 1
and 19% in Period 6. The prevalence also remained
consistent within most industry sectors over time, with the
exception of (i) Agriculture, Forestry, Fishing and Hunting,
which decreased from 33% to 14%; (ii) Transportation,

Warehousing and Utilities, which decreased from 18% to
12%; and (iii) Healthcare and Social Assistance, which
increased from 12% to 18%. The prevalence within the
Mining sector stayed consistent and high (24–27% in
Periods 3–6). The prevalence of hearing loss was also high
in the Construction sector; above 24% in four of the six
time periods. Figure 1 depicts these prevalence estimates in
line graph format.

Hearing loss incidence estimates are provided in
Table IV, and depicted graphically in Figure 2. The overall
incidence of hearing loss for workers in all industry sectors
slowly decreased over time, from 9% in Period 2 to 7% in
Period 6, and this trend was observed within most industry
sectors. Most values hovered around 7–9%. The incidence in
several sectors increased in Period 5, dramatically so within
Construction andHealthcare and Social Assistance, followed
by a reduction. After an increase in Period 3, there was a
dramatic drop in incidence within the Agriculture, Forestry,
Fishing and Hunting sector. The Construction (9%) and
Mining (8%) industry sectors had the highest incidences in
Period 6, while Transportation, Warehousing and Utilities
had the lowest (5%).

Table V includes adjusted risk estimates for incident
hearing loss as compared with a reference time period. These
risk estimates are depicted graphically in Figure 3, with the
exception of the Mining and Healthcare and Social
Assistance sectors, which have different reference groups.
The risk of hearing loss for all industry sectors combined
consistently decreased over time, from PR¼ 0.80 (CI
¼ 0.77–0.83) in Period 3 to PR¼ 0.54 (CI¼ 0.52–0.55) in
Period 6, which was significantly lower than the risk of
incident hearing loss in the reference time period. Risks
generally decreased over time within industry sectors.
However, there was a statistically significant interaction
between industry sector and time period (P< 0.05),
indicating different patterns of hearing loss risk among the
sectors.

Nearly all of the industry sectors had PRs in Period 6 that
were significantly lower than the reference time period.
However, the Healthcare and Social Assistance sector had a
risk increase in Period 5 and slight decrease in Period 6;
neither risk estimate significantly different than the risk in the
reference period (Period 4). While the risks in this sector
appeared to be higher than the other sectors, we had used a
later reference time period. In a subsequent analysis in which
Period 4 was designated as the reference group for all
industry sectors, the risks for workers in Healthcare and
Social Assistance were still higher than the other sectors,
with the exception of Construction (data not shown). The risk
of incident hearing loss in the Mining sector in Period 6 was
not significantly lower than the reference time period (Period
5). Lastly, after an increase in Period 3, there was a dramatic
drop in the risk within the Agriculture, Forestry, Fishing and
Hunting industry sector.
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Discussion

Our study results indicated that overall, the prevalence
of hearing loss remained fairly constant at 20% over the last
30 years. However, the incidence and adjusted risk of
incident hearing loss steadily decreased, albeit slowly, for
most industry sectors.

Transportation, Warehousing and Utilities had a lower
prevalence of hearing loss than any other industry sector, and

a low incidence and risk. This seemed counter-intuitive since
some transportation workers, such as railroad workers, have
been found to have a very high prevalence and risk of hearing
difficulty [Tak and Calvert, 2008]. This sector groups NAICS
codes 22, 48, and 49, which include workers with likely
vastly different levels of noise exposure. In our sample, 65%
of the workers in this sector were from the Couriers and
Messengers industry (NAICS 492). The prevalence in this
industry is among the lowest in the NIOSH data repository

TABLE II. Sample Demographics for 1,816,812 Workers, byTime Period, 1981^2010

Period1

1981^1985

Period 2

1986^1990

Period 3

1991^1995

Period 4

1996^2000

Period 5

2001^2005

Period 6

2006^2010

Demographic n (%) n (%) n (%) n (%) n (%) n (%)

Period total 60,736 151,616 312,851 551,716 873,332 994,419

Gender

Male 49,862 82.47 119,278 79.10 244,036 78.30 422,389 76.75 672,174 77.15 770,498 77.67

Female 10,601 17.53 31,514 20.90 67,640 21.70 127,937 23.25 199,033 22.85 221,497 22.33

Missing 273 824 1,175 1,390 2,125 2,424

Age group (Years)

18^25 10,400 17.12 24,032 15.85 50,502 16.14 92,036 16.68 129,707 14.85 146,090 14.69

26^35 26,666 43.90 54,743 36.11 96,525 30.85 152,559 27.65 216,406 24.78 229,032 23.03

36^45 16,515 27.19 46,197 30.47 96,546 30.86 162,412 29.44 242,610 27.78 253,044 25.45

46^55 5,967 9.82 20,321 13.40 51,482 16.46 107,959 19.57 201,514 23.07 244,309 24.57

56^65 1,150 1.89 6,056 3.99 16,858 5.39 34,813 6.31 78,016 8.93 113,483 11.41

66^75 38 0.06 267 0.18 938 0.30 1,937 0.35 5,079 0.58 8,461 0.85

Missing 0 0 0 0 0 0

Geographical region

Mid-Atlantica 9,684 15.98 25,160 16.66 52,327 16.82 101,933 18.59 137,734 16.04 142,251 14.64

Midwestb 27,517 45.42 60,556 40.11 120,808 38.83 214,011 39.03 401,214 46.71 471,161 48.50

New Englandc 311 0.51 479 0.32 1,670 0.54 2,693 0.49 3,779 0.44 4,358 0.45

Southd 12,255 20.23 32,176 21.31 62,209 20.00 101,103 18.44 164,656 19.17 205,601 21.16

Southweste 1,167 1.93 2,887 1.91 5,780 1.86 14,273 2.60 18,856 2.20 16,146 1.66

Westf 9,656 15.94 29,720 19.68 68,300 21.95 114,361 20.85 132,714 15.45 132,049 13.59

Missing 146 638 1,757 3,342 14,379 22,853

Industry sector (NAICS 2007 Code)

Agriculture, Forestry, Fishing, and Hunting (11) 1,403 2.31 2,439 1.61 3,888 1.24 10,952 1.99 10,035 1.15 10,655 1.07

Mining, Quarrying, and Oil and Gas Extraction (21) 10 0.02 18 0.01 337 0.11 1,307 0.24 2,606 0.30 3,240 0.33

Construction (23) 1,051 1.73 2,518 1.66 5,903 1.89 11,143 2.02 19,519 2.24 24,116 2.43

Manufacturing (31^33) 46,416 76.42 112,259 74.04 227,301 72.65 390,518 70.78 599,874 68.69 675,483 67.93

Wholesale and Retail Trade (42, 44^45) 3,656 6.02 8,726 5.76 16,571 5.30 30,529 5.53 61,606 7.05 74,702 7.51

Transportation,Warehousing, and Utilities (48, 49, 22) 3,483 5.73 13,390 8.83 33,235 10.62 58,955 10.69 95,560 10.94 111,105 11.17

Healthcare and Social Assistance (62) 59 0.10 472 0.31 957 0.31 1,790 0.32 5,901 0.68 5,662 0.57

Services (51^56, 61, 71^72, 81, 92) 4,658 7.67 11,794 7.78 24659 7.88 46,522 8.43 78,231 8.96 89,456 9.00

Missing 0 0 0 0 0 0

aMid-Atlantic : Delaware,Maryland, New Jersey, NewYork, Pennsylvania,Washington, D.C.
bMidwest: Illinois, Indiana, Iowa, Kansas,Michigan,Minnesota,Missouri, Nebraska, North Dakota, Ohio, South Dakota,Wisconsin.
cNew England: Connecticut,Maine,Massachusetts, New Hampshire, Rhode Island,Vermont.
dSouth: Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana,Mississippi, North Carolina, South Carolina,Tennessee,Virginia,West Virginia .
eSouthwest: Arizona, NewMexico, Oklahoma,Texas.
fWest: Alaska, California , Colorado, Hawaii, Idaho,Montana, Nevada, Oregon, Utah,Washington,Wyoming.
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(8%) and we have used it as a reference industry in other
analyses [Masterson et al., 2013]. The predominance of
presumed low-exposed workers likely reduced the overall
prevalence. There was also a 16% increase in the proportion
of women working in this sector, and fewer women
experience hearing loss than men [Palmer et al., 2001],
likely due to a variety of reasons including differences in
exposures [Themann et al., 2013a].

It is unclear why the Agriculture, Forestry, Fishing and
Hunting sector had such a sharp drop in the prevalence and
incidence of hearing loss. This sector has unique challenges
in preventing OHL, which include a lack of noise regulation
for agricultural workers and numerous barriers to regular
audiometric testing. Recent papers indicate a moderate
prevalence of hearing loss in this sector overall (15–16%),
but also fairly high adjusted risks [Tak and Calvert, 2008;

TABLE III. Estimated Prevalence of Hearing Loss by Time Period and Industry Sector, 1981^2010, for 1,816,812 Workers

Period1

1981^1985

Period 2

1986^1990

Period 3

1991^1995

Period 4

1996^2000

Period 5

2001^2005

Period 6

2006^2010

Industry Sector (NAICS 2007 Code) (%) 95% CIa (%) 95% CI (%) 95% CI (%) 95% CI (%) 95% CI (%) 95% CI

All industries 19.80 19.48^20.12 19.66 19.46^19.86 18.71 18.57^18.85 17.96 17.86^18.06 19.15 19.07^19.23 19.37 19.29^19.45

Agriculture, Forestry,

Fishing, and Hunting (11)

32.64 30.19^35.09 29.89 28.07^31.71 27.34 25.94^28.74 16.44 15.75^17.13 13.25 12.59^13.91 14.18 13.52^14.84

Mining, Quarrying, and

Oil and Gas Extraction (21)

ISSb ISS 24.04 19.48^28.60 26.78 24.38^29.18 26.98 25.28^28.68 25.22 23.73^26.72

Construction (23) 27.59 24.89^30.29 26.17 24.45^27.89 21.07 20.03^22.11 22.07 21.30^22.84 24.46 23.86^25.06 24.67 24.13^25.21

Manufacturing (31^33) 19.34 18.98^19.70 19.93 19.70^20.16 19.55 19.39^19.71 18.79 18.67^18.91 20.18 20.08^20.28 20.40 20.30^20.50

Wholesale and

Retail Trade (42, 44^45)

20.21 18.91^21.51 20.56 19.71^21.41 19.88 19.27^20.49 19.20 18.76^19.64 19.65 19.34^19.96 20.06 19.77^20.35

Transportation,Warehousing,

and Utilities (48, 49, 22)

17.63 16.36^18.90 12.79 12.22^13.36 10.25 9.92^10.58 11.13 10.88^11.38 11.83 11.63^12.04 11.65 11.46^11.84

Healthcare and Social

Assistance (62)

ISS 11.86 8.94^14.78 16.82 14.45^19.19 18.94 17.13^20.76 19.13 18.13^20.13 18.47 17.46^19.48

Services (51^56, 61, 71^72, 81, 92) 20.24 19.09^21.39 21.02 20.29^21.76 19.66 19.16^20.16 17.91 17.56^18.26 19.03 18.76^19.31 19.60 19.34^19.86

aCI¼ 95% confidence interval.
bISS¼ insufficient sample size.

FIGURE1. Prevalence of hearing loss by time period and industry sector, 1981^2010, for 1,816,812 workers.
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Masterson et al., 2013]. There was a 21% increase in the
proportion of women in this sector from Periods 1 to 6, the
largest increase of any sector. More research is needed in this
sector.

The Mining and Construction sectors had the highest
prevalence and incidence of hearing loss. These findings are
consistent with the results of other studies [Tak and Calvert,
2008; Engdahl and Tambs, 2010; Masterson et al., 2013].
The Mining sector has proportionally more noise-exposed
workers than any other U.S. industry [Tak et al., 2009], and
the Construction sector has less stringent hearing conserva-
tion requirements than most industries. The mobile, seasonal
nature of construction work and large proportion of

independent contractors also contributes to the difficulty in
implementing hearing conservation practices.

Healthcare and Social Assistance had the third highest
incidence and one of the highest risks. This sector is not
usually associated with a higher risk of hearing loss, and the
prevalence has been estimated to be 9–10% overall [Tak and
Calvert, 2008; Masterson et al., 2013]. However, other
research [Masterson, 2012] has suggested that this sector has
a higher prevalence of shifts in hearing. Shifts in hearing can
be early indicators of hearing loss and are a measure of the
effectiveness of hearing conservation programs [NIOSH,
1998]. Only a small proportion of this sector is exposed to
hazardous noise (�3.5%) and it has been found that the self-

TABLE IV. Estimated Incidence of Hearing Loss by Time Period and Industry Sector, 1986^2010, for 560,320 Workers

Period 2
1986^1990

Period 3
1991^1995

Period 4
1996^2000

Period 5
2001^2005

Period 6
2006^2010

Industry Sector (NAICS 2007 Code) (%) 95% CIa (%) 95% CI (%) 95% CI (%) 95% CI (%) 95% CI

All industries 8.82 8.53^9.11 7.86 7.69^8.03 7.47 7.35^7.60 7.80 7.69^7.91 6.64 6.56^6.72
Agriculture, Forestry, Fishing, and Hunting (11) 11.20 8.98^13.42 12.81 11.04^14.58 8.17 6.90^9.44 5.84 4.84^6.84 5.73 4.89^6.57
Mining, Quarrying, and Oil and Gas Extraction (21) ISSb ISS ISS 7.88 5.41^10.35 8.02 6.41^9.63
Construction (23) 12.38 9.76^15.00 8.62 7.21^10.03 7.38 6.38^8.39 9.70 8.85^10.56 9.17 8.50^9.84
Manufacturing (31^33) 8.69 8.37^9.01 7.98 7.78^8.18 7.70 7.55^7.85 8.06 7.93^8.19 6.83 6.73^6.93
Wholesale and Retail Trade (42, 44^45) 9.35 8.17^10.53 7.07 6.37^7.77 7.75 7.20^8.31 7.91 7.46^8.36 6.73 6.42^7.04
Transportation,Warehousing, and Utilities (48, 49, 22) 8.99 7.84^10.14 5.58 5.05^6.11 5.09 4.75^5.43 5.86 5.56^6.16 4.77 4.56^4.98
Healthcare and Social Assistance (62) ISS ISS 5.73 3.51^7.96 9.05 6.93^11.17 7.26 5.88^8.65
Services (51^56, 61, 71^72, 81, 92) 8.18 7.06^9.30 8.58 7.94^9.22 7.70 7.24^8.16 7.45 7.09^7.81 6.85 6.58^7.13

aCI¼ 95% confidence interval
bISS¼ insufficient sample size

FIGURE2. Incidence of hearing loss by time period and industry sector, 1986^2010, for 560,320 workers.

398 Masterson et al.



reported use of hearing protection among noise-exposed
workers is directly related to the prevalence of noise
exposure in that industry [Tak et al., 2009]. Tak et al. [2009]
observed that 74% of the noise-exposed workers in Health-
care and Social Assistance reported not wearing hearing
protection. A culture of hearing loss prevention may be less
likely to develop within industries with small numbers of
noise-exposed workers due to a lack of awareness,
experience or resources. Increased interventions in these
industries may be warranted.

The risk assessment reported in the NIOSH recom-
mended standard for occupational noise exposure [NIOSH,
1998] estimated that 25% of workers exposed to daily
occupational noise levels of 90 dBA (the current exposure
limit in most industries) would develop a material hearing
impairment after a 40-year working lifetime. Because
NIOSH considered 25% to be too high, it proposed an
exposure limit that would protect more workers [NIOSH,
1998]. Our prevalence estimate of 20% approaches the
25% mark, but many of the workers in our sample do not

TABLE V. Adjusted Probability Ratios (PRs) for Hearing Loss Incidence, ComparingTime Periods during 1991^2010 with a ReferenceTime
Period, by Industry Sector, for 560,320 Workers

Period 2
1986^1990

Period 3
1991^1995

Period 4
1996^2000

Period 5
2001^2005

Period 6
2006^2010

Industry Sector (NAICS 2007 Code) PR
a,b

95% CIc PR 95% CI PR 95% CI PR 95% CI PR 95% CI

All Industries 1.00 0.80 0.77^0.83 0.69 0.67^0.72 0.66 0.63^0.68 0.54 0.52^0.55
Agriculture, Forestry, Fishing, and Hunting (11) 1.00 1.15 0.91^1.45 0.71 0.56^0.91 0.62 0.46^0.83 0.59 0.45^0.77
Mining, Quarrying, and Oil and Gas Extraction (21) ISSd ISS ISS 1.00 0.93 0.64^1.35
Construction (23) 1.00 0.73 0.56^0.95 0.53 0.41^0.68 0.63 0.50^0.79 0.50 0.40^0.63
Manufacturing (31^33) 1.00 0.81 0.76^0.84 0.71 0.68^0.74 0.67 0.65^0.70 0.54 0.52^0.56
Wholesale and Retail Trade (42, 44^45) 1.00 0.64 0.54^0.74 0.62 0.54^0.71 0.55 0.48^0.63 0.45 0.40^0.52
Transportation,Warehousing, and Utilities (48, 49, 22) 1.00 0.68 0.58^0.79 0.57 0.50^0.66 0.56 0.49^0.65 0.48 0.42^0.55
Healthcare and Social Assistance (62) ISS ISS 1.00 1.24 0.80^1.92 0.91 0.59^1.39
Services (51^56, 61, 71^72, 81, 92) 1.00 0.94 0.81^1.10 0.77 0.67^0.89 0.67 0.58^0.77 0.58 0.51^0.67

aAll PRs were adjusted for gender, age group, provider and region, and PRs for all industries were also adjusted for industry sector.
bReference time periods are indicated by PR¼1.00.
cCI¼ 95% confidence interval.
dISS¼ insufficient sample size.

FIGURE 3. Risk of incident hearing loss compared to the 1986^1990 time period, by industry sector, for 560,320 workers.
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have 40 years of noise-exposed work experience, suggest-
ing that enhanced regulatory and preventive efforts may be
needed.

Fortunately, our results also indicate that progress is
being made. Although the prevalence has remained fairly
constant over time, the incidence and risk of incident hearing
loss has decreased in most industry sectors over the last
30 years. Hoffman et al. [2010] examined nationally-
representative population data and reported that the preva-
lence of hearing impairment decreased significantly from the
periods 1959–1962 to 1999–2004 for the general population.
Reduction in occupational exposures, or improved hearing
conservation efforts are possible explanations or contributors
to the reduced prevalence observed by Hoffman and the
reduced incidence observed in our study. However, other
factors may be influencing these results, such as improved
treatment of middle ear disorders, and the overall reduction
in smoking prevalence, another risk factor for hearing loss
[Agrawal et al., 2009].

This study had limitations. The data were a convenience
sample from providers who agreed to share their data with
NIOSH, and our sample may not be representative of all
noise-exposed workers, especially within industries like
Construction where audiometric testing is not required.
However, estimates from other studies utilizing random
samples have yieldedmostly similar results [Tak andCalvert,
2008; Helmkamp et al., 2013]. Hearing loss can be
determined from an audiogram but the work-relatedness of
the loss can only be inferred in the absence of additional
information. To strengthen this inference, audiograms with
attributes unlikely to be related to OHL were excluded. The
quality level of the audiometric data may have varied by
provider and providers also “inherited” audiograms. In some
cases, the industry coding was performed by the provider,
with the potential for inconsistencies. When estimating
prevalence, we examined one audiogram per worker without
a “confirmation” audiogram. It is possible that a small
number of hearing losses were temporary shifts in hearing.
However, temporary threshold shift may be a sign that a
worker is over-exposed to noise and can be a precursor of
permanent hearing loss. All or nearly all the workers in the
sample were noise-exposed workers, including workers in
our reference time period. The reference period (1986–1990)
was proximate to the 1983 OSHA Noise Standard
amendment (29 CFR 1910.95), and pre-dated both the
2000 update to the Mining Noise Standard (30 CFR 62) and
the 2002 Noise Standard for Construction (29 CFR 26.52).
There is some evidence that regulations are protective
[Verbeek et al., 2009]. As such, workers in our reference time
period were assumed to be at higher risk than workers in later
time periods. Most of the PRs are<1, indicating that the risk
is lower now than in the reference time period. The PR values
are not stand-alone estimates of risk. Finally, NAICS is an
economic classification system which may not group

workers with similar exposures together, and industries
could only be examined by sector grouping due to sample
size limitations.

This is the first known study to estimate and compare the
prevalence and incidence of worker hearing loss by industry
sector, and over such an expanded time period. Rather than
relying on self-reported hearing ability, we examined
audiograms from workers employed at thousands of U.S.
companies. The sample size allowed us to exclude audio-
grams with negative slope, improving the accuracy. We also
excluded audiograms of poor quality or depicting character-
istics likely due to non-occupational exposures. With the
exception of age group (slightly fewer younger workers were
eliminated), the demographics of these excluded audiograms
and the study sample were very similar, indicating no gender,
geographical region, provider or industry sector was
disproportionately removed from the study sample (data
not shown).

This study elucidates the trends in the burden and risk of
hearing loss among workers in hazardous noise environ-
ments. Efforts to reduce both the burden and risk are still
needed. Special efforts should be targeted at the Mining,
Construction, and Healthcare and Social Assistance industry
sectors. Despite progress over the past three decades, OHL
remains a problem in the U.S.
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