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Background: A prior study of this construction worker population found significant

noise-associated hearing loss. This follow-up study included a much larger study

population and consideration of additional risk factors.

Methods: Data included audiometry, clinical chemistry, personal history, and work

history. Qualitative exposure metrics for noise and solvents were developed. Analyses

compared construction workers to an internal reference group with lower exposures

and an external worker population with low noise exposure.

Results: Among participants (n = 19 127) an overall prevalence of hearing loss of 58%

was observed, with significantly increased prevalence across all construction trades.

Construction workers had significantly increased risk of hearing loss compared to

reference populations, with increasing risk by work duration. Noise exposure, solvent

exposure, hypertension, and smoking were significant risk factors in multivariate

models.

Conclusions: Results support a causal relationship between construction trades work

and hearing loss. Prevention should focus on reducing exposure to noise, solvents, and

cigarette smoke.
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1 | INTRODUCTION

Excess noise exposure among construction workers and high rates of

noise induced hearing loss among these workers is well docu-

mented.1,2 Studies in Washington State found that excessive noise

exposures are common in the construction trades3,4 and the rate of

hearing loss claims is approximately five times higher than the average

rate for all industries combined.5 In the past decade research has been

conducted that also supports a link between organic solvents and

hearing loss as well.6

The Building Trades Medical Screening Program (BTMed) has

previously reported on audiometric testing results among program

participants.7 The prior report covered 3510 BTMed hearing evalua-

tions through March 31, 2003 at three Department of Energy (DOE)

nuclear weapons facilities (Hanford Nuclear Reservation, Oak Ridge

(X10, Y12, and K25), and the Savannah River Site). The BTMed

program has been expanded to cover 34 DOE sites since the prior

report.

This report updates our previous analyses by inclusion of many

additional sites and hearing evaluations. Additionally, a qualitative

measure of worker exposures to organic solvents was developed

based on exposure assessments developed for a case-control study of

COPD among this worker population.8
Institutions at which the work was performed: Center for Construction Research and

Training, Zenith American Solutions, and Duke University Medical Center.
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2 | MATERIALS AND METHODS

2.1 | Study population and audiometric testing

This report is based on BTMed participants completing hearing tests

through March 31, 2017.

Audiometric tests were conducted by contract medical providers

according to procedures recommended by the National Institute for

Occupational Safety and Health (NIOSH) at frequencies of

500-8000Hz.9 The definition of hearing impairment used by NIOSH

in their risk assessment for noise induced hearing loss was used for

analyses presented in this report.10 NIOSH Material Hearing

Impairment (hearing impairment) was used as the primary outcome

for this study and was defined as a binaural average threshold of

greater than 25 dB calculated as the articulation index weighted

average across frequencies of 1, 2, 3, and 4 kHz.9,10

2.2 | Exposure assessment

The BTMed occupational and exposure history asked about the

percentage of time that a worker experienced quiet, loud, and very

loud noise. The following definitions were used as anchors to define

relative noise exposures:

Quiet—“You could speak in a normal voice.”

Loud—“You had to raise your voice.”

Very Loud—“You had to shout to be heard.”

Several surrogate measures of lifetime noise exposures were

considered. These measures included the duration of trade work, and

percentage of time that each worker reported being exposed to quiet,

loud, and very loud noise as described above.

Most BTMed participants spend only a portion of their working

lives employed onDOE sites. The rest of the time theywork on general

construction sites. Based on our worker interviews and focus group

discussions, workers reported that their construction work tasks at

DOE sites were similar to those performed in general construction on

non-DOE sites; therefore, we assumed that the percent of time

exposed to loud or very loud noise was similar for DOE and non-DOE

construction trade work within the same construction job category.

For statistical models, eachworker was classified by the percent of

work time exposed to high or very high noise based on the anchors

described above. Categories for the percentage of time exposed to

loud or very loud noise were established based on quartiles of the

overall distribution (<50%, 50-69%, 70-89%, and ≥90%). In a similar

manner, categories for age (<45, 45-54, 55-64, and ≥65), and duration

of trade work (<10 years, 10-19 years, 20-29 years, and ≥30 years)

were created.

Prior studies have suggested that occupational exposures to

solvents may enhance or contribute to the detrimental effects of noise

exposures; therefore, qualitative measures of cumulative lifetime

solvent exposures were developed.6,11 A lifetime organic solvent

exposure indexwas developed for each participant based on tasks they

performed and tasks that workers nearby performed (bystander

exposures). For each trade and DOE site, the BTMedwork history asks

about tasks and material exposures, which are assigned a qualitative

frequency value by the interviewer based on responses provided by

the worker ranging from 1 to 5 as follows:

1. Rarely

2. Few times per month

3. Couple of times per week

4. Daily or most days per week

5. Continuous

Qualitative estimates of lifetime organic solvent exposures were

based on methods and results from our prior case-control study of

COPD among this worker population.8 Cumulative exposure indices

were developed by a panel of experienced industrial hygienists based

on task frequency, job duration, work hours per week, and task

exposure intensity scoring. For the current analyses, the organic

solvent cumulative exposure index based on 90 construction-related

tasks was used. The case-control exposure questionnaire was

developed from the BTMed occupational history, which facilitated

task mapping.

2.3 | Other covariates and confounders

Other studies have suggested that elevated serum cholesterol,

hypertension and smoking may be risk factors for hearing loss12;

therefore, these parameterswere considered in the statistical models as

categorical variables. Significantly elevated serum cholesterol was

defined as total cholesterol in excess of 250mg/dl. Hypertension was

defined as Stage 2 hypertension by current guidelines (systolic blood

pressure ≥140 mmHg or diastolic blood pressure ≥90mmHg).13

Additionally, we investigated any possible contribution of alcohol

consumption using categories in the BTMedmedical history (Never, 1-6

drinks/week 1-2 drinks/day, ≥3 drinks/day, and recovering alcoholic).

The BTMed medical history includes an assessment of non-

worked related activities. For these models, an indicator variable was

created to account for worker participation in non-work-related

activities possibly associated with elevated noise exposures. These

activities included hunting, use of power equipment (including farm

equipment and chain saws), auto racing, use of indoor firing ranges,

listening to loud music or playing in a band, and operation of power

boats, recreational vehicles or motorcycles.

2.4 | Data analyses

Both descriptive and multivariate analysis methods were used.

Demographic data were summarized by calculation of means and

standard deviations of study parameters such as age, DOE work time,

trade work duration, etc. Stratified analyses were used to explore

trends in hearing loss frequency by age, employment duration, and

cigarette smoking history.We used direct age-standardization to allow

comparisons of hearing loss prevalence across DOE sites and job

categories. Weights for direct adjustment were based on the age

distribution of all workers included in the analyses.
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Our study population included workers in many non-construction

trade jobs such as mining, security, technical, and administrative jobs

and many workers had significant periods of non-DOE work as well as

periods of work in non-construction trades. To better address the risk

of hearing loss among construction-related trades we restricted the

detailed multivariate analyses to workers employed in construction-

related trades and with less than 5 years of work not accounted for in

the BTMed work history. Unaccounted for work was based on the

assumption that most workers entered the workforce by age 20;

therefore, differences between theworkers age at interview and years

of trade work (ie age—trade work years) in excess of 25 years

represented unaccounted for work with unknown potential for noise

exposure. For these analyses we also included workers in Administra-

tive/Scientific/Security jobs who participated in the BTMed program

under the assumption that these workers experienced less noise

exposure and would serve as a reference group for exploring

construction trade related risks.

Log-binomial and Poisson regression models14 were used to

explore the risk of hearing loss by duration of trade work, extent of

reported noise exposure, and extent of solvent exposures, while

controlling for potential confounders such as age, race, sex,

hypertension, elevated cholesterol, and recreational noise exposure.

Age was entered as a restricted cubic spline with knots at 10-year age

intervals from age 40 to 90 years of age to afford better control of age

effects on hearing loss in this older population. Regression models

adjusted for age, race, and gender were used to initially evaluate the

contribution of other covariates individually and a moderate level of

statistical significance (P < 0.25) was required for inclusion in the more

complex full multivariate model. With all variables in the model, we

refined the model to arrive at the set of biologically plausible

covariates, based on the published literature, which best predicted

the risk of hearing impairment. Our primary tool for assessing the

contribution of any given covariate was the model Type III P-value for

the covariate and changes in the β coefficients for the remaining

covariates. A likelihood-ratio P-value of <0.10 was required for

retention of parameters in the final regression model.

In addition to analyses of hearing loss as a dichotomous outcome,

we investigated pure-tone mean hearing thresholds across the

frequencies tested (500, 1000, 2000, 3000, 4000, 6000, and

8000Hz.) in relation to duration of construction trade work and

solvent exposure. Workers included in these analyses were the same

as the multivariate models. Predicted mean hearing thresholds were

derived for each frequency using models that included all covariates in

the final regression model described above.

SAS Proc GENMOD regression procedures and associated

regression diagnostics were used.15 The SAS macro % RCSPLINE

was used to generate the spline terms for age in the models.16

2.5 | External comparison population

Our primary regression models compared construction workers to

BTMed participants in administrative, scientific, and security jobs

based on the premise that these workers experienced lower noise

exposures. We additionally compared the risk of hearing impairment

among these construction trade workers with an external compari-

son population. NIOSH provided hearing loss data from the

American National Standard Institute (ANSI) S12.13 Working Group;

which consisted of 22 diverse companies within the US and

Canada.17,18 A comparison population of 1909 industrial workers

from companies identified by Adera et al. as having been exposed to

<80 dBA was selected. The most recent audiometric test data for

each worker was selected, along with demographics (age at the time

of hearing test, race, and sex) and noise exposure level. Poisson

regression models were used to estimate the risk of noise induced

hearing loss among construction trade workers compared to the

comparison population; adjusting for age, race, and sex. No

adjustment for cigarette smoking or hypertension could be made

in these analyses, as these data were not available for the

comparison group. These analyses were restricted to workers who

were less than 65 years of age as the NIOSH comparison population

included few workers over 65.

2.6 | Human subjects protection

This study was conducted under the oversight of and is subjected to

annual review and approval by two Institutional Review Boards.

TheU.S. Department of Energy Central IRB is the IRB of record and the

IRB of CPWR and The Center for Construction Research and Training

provides secondary review. Informed consents are administered at

three points of the screening process: when participants sign up, at

time of work history interview, and before each medical exam. All data

received by Duke University investigators were stripped of personal

identifiers under provisions approved by the Duke University Health

System Institutional Review Board.

3 | RESULTS

3.1 | Descriptive and stratified analyses

Table 1 provides key demographic characteristics of all participants in

the audiometric testing as well as those with and without hearing

impairment. The mean age of all participants was 59.2 years and

workers with hearing loss were 12 years older than those without

hearing loss, on average. The population was predominately male

(92.5%) and Caucasian (84.1%). Among workers with hearing loss

97.0% were male and 89.4% were Caucasian. The mean years of work

at DOE sites was 9.4 years for all workers and the mean years of work

in the predominant job or trade identified on the BTMed exam was

23.4 years. Workers with hearing loss had more years of DOE and

trade work. While the prevalence of current cigarette smokers in the

overall population was 18.7%, 62.6% of workers reported ever having

smoked. Among workers with hearing loss 30.3% were never smokers

whereas among all workers without hearing loss 44.1% were lifetime

non-smokers.

Mean hearing thresholds by pure-tone frequency and age

category are presented in Figure 1. Hearing thresholds decreased by
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age across all hearing frequencies; however, greater loss occurred at

higher frequencies with advancing age.

The overall prevalence of hearing impairment was 58.0%. Hearing

loss prevalence by age, gender, and race are summarized in Table 2.

Hearing loss increased rapidly with age, reaching 86.4% among those

older than 65 years, and was higher for males than females. Hearing

loss also varied substantially by race with a low of 30.2% among

African-American workers and a high of 65.7% among those classified

as Alaskan or Indian. The lower prevalence of hearing loss among

females is partially accounted for by job assignment and less frequent

reported exposures to loud or very loud noise. For example, among

males only 24.7% of workers reported exposures to loud or very loud

noise <50% of the time whereas females reported such exposures

31.3% of the time.

Crude and age-standardized prevalence of hearing impairment by

DOE site and trade group are shown in Tables 3 and 4. Prevalence

ratios by site adjusted for age and trade also are provided in Table 3.

The risk of hearing loss varied somewhat across DOE sites. The age-

standardized prevalence was highest for Paducah (68.1%) and lowest

for Yucca Mountain (46.2%). The regression model compared all sites

to the Savannah River Site and found significantly increased risk for

Amchitka, Hanford, Oak Ridge, Paducah, and Portsmouth. In addition

to differences in noise exposures by site and trade, differences in

prevalence of hearing loss across sites are influenced by other

parameters, which were accounted for in the multivariate models. For

example, the prevalence of current smokers was 22.8% at Paducah but

only 11.8% at Yucca Mountain.

Results by trade group found the lowest age-standardized

prevalence of hearing impairment among workers classified as

TABLE 1 Demographic characteristics of participants undergoing audiometric testing

Parameter
Workers with hearing
lossa (N = 11 092)

Workers without hearing
loss (N = 8035) All workers (N = 19 127)

Ageb

Mean (SD) 64.4 (11.0) 52.1 (10.0) 59.2 (12.2)

Gender

Male (%) 10761 (97.0%) 6919 (86.1%) 17680 (92.5%)

Female (%) 329 (3.0%) 1114 (13.9%) 1423 (7.6%)

Race

Caucasian (%) 9862 (89.4%) 6121 (79.6%) 15983 (84.1%)

African-American (%) 614 (5.6% 1422 (17.8%) 2036 (10.7%)

Hispanic (%) 181 (1.6%) 185 (2.3%) 366 (1.9%)

Asian (%) 47 (0.4%) 37 (0.5%) 84 (0.4%)

Alaskan/Indian (%) 163 (1.5%) 85 (1.1%) 248 (1.3%)

Other (%) 80 (0.7%) 77 (1.0%) 157 (0.8%)

Years at DOE sitec

Mean (SD) 9.8 (11.0) 8.9 (9.3) 9.4 (10.3)

Years in primary job or tradec

Mean (SD) 25.7 (14.3) 20.1 (12.1) 23.4 (13.7)

Cigarette smoking status

Current smoker 1948 (17.6%) 1630 (20.3%) 3578 (18.7%)

Past smoker 5635 (50.8%) 2755 (34.3%) 8390 (43.9%)

Never smoked 3363 (30.3%) 3546 (44.1%) 6909 (36.1%)

Smoking unknown 146 (1.3%) 104 (1.3%) 250 (1.3%)

aMaterial hearing impairment by NIOSH definition.
bDemographics and other data in this report are for workers completing audiometric tests. Sex was missing for 4 workers and race for 253 workers.
cTotal trade years not available for 311 workers and DOE years not available for 211 workers.

FIGURE 1 Mean hearing thresholds by frequency and age
category
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administrative, scientific or security (41.0%) and highest among

welders (71.4%). The regression models compared all trades to the

administrative/scientific/security group and found significantly in-

creased risk for nearly all trades included in these analyses. The highest

risk ratio (1.48, 95%CI = 1.38-1.58) was observed among boilermakers.

Table 5 displays the prevalence of hearing impairment by years of

tradework andworker reported percentage of time exposed to loud or

very loud noise. These analyses were restricted to the subset of

workerswith less than 5 years ofwork not accounted for in the BTMed

work history (N = 4947). These data show that the prevalence of

hearing loss increasedwith years of tradework andwithmore frequent

exposures to loud noise levels. Among workers employed in

construction trades for less than 15 years, the overall prevalence of

hearing impairment was 19.1% and increased to 67.8% for 33+ years

of trade work. The pattern by years of trade work was similar across

strata of reported noise exposure.

3.2 | Regression analyses

The regression models for workers with less than 5 years of work not

accounted for in the BTMed work history are shown in Table 6. All

models were adjusted for age, race, and gender. Elevated serum

cholesterol, recreational noise exposure and alcohol consumption did

not reachmodel inclusion criteria (likelihood-ratio P-value <0.10) in the

full model and were removed from the final model, although inclusion

or exclusion of these covariates altered study results very little.

Interaction terms for smoking and noise exposure and solvents and

noise exposure also were not significant and were not included in the

final model.

Duration of trade work was a strong predictor of risk, with a risk

ratio of 3.80 (95% CI = 2.07-6.98) among those with more than

30 years of trade work compared to those with less than 10 years.

TABLE 2 Prevalence of hearing loss by age, gender, and race

Demographic Prevalence of hearing loss N (%)a

Age category (years)

<45 343 (16.1%)

45-54 1757 (37.2%)

55-64 3598 (59.25)

≥65 5394 (86.4%)

Gender

Male 10762 (60.9%)

Female 329 (22.8%)

Race

Caucasian 9862 (61.7%)

African-American 614 (30.2%)

Hispanic 181 (49.5%)

Asian 47 (56.0%)

Alaskan/Indian 163 (65.7%)

Other 80 (51.0%)

aMaterial hearing impairment by NIOSH definition.

TABLE 3 Prevalence of hearing impairment and risk ratios by doe site sites with 100 or more hearing tests shown separately

DOE site
Number of
workers tested

Unadjusted
prevalence (%)

Age standardized
prevalencea (%)

Model adjusted
risk ratio (95% CI)b

Savannah river site 4367 49.7 56.0 1.00 (Reference)

Amchitka 1074 64.9 61.2 1.17 (1.12-1.24)

Brookhaven lab 496 56.0 53.9 0.95 (0.88-1.02)

Fernald (FMPC) 2002 42.0 49.5 0.89 (0.76-1.02)

General electric company 432 53.9 47.7 0.89 (0.82-0.97)

Hanford 2661 66.1 60.6 1.07 (1.03-1.11)

INEEL 922 60.2 57.3 1.03 (0.97-1.08)

Kansas city plant 631 53.1 53.8 0.98 (0.92-1.06)

Mallinckrodt-Weldon springs 151 67.6 62.2 1.06 (0.95-1.18)

Mound 344 56.4 54.3 0.99 (0.96-1.04)

Oak ridge 2983 65.7 64.4 1.13 (1.09-1.17)

Paducah 885 70.7 68.1 1.18 (1.13-1.24)

Portsmouth 1038 66.6 63.7 1.14 (1.09-1.19)

Rocky flats 742 59.3 53.2 0.95 (0.89-1.01)

Yucca mountain 187 49.2 46.2 0.99 (0.86-1.14)

All other sites 363 60.9 53.2 0.97 (0.86-1.09)

All DOE sites combined 19 127 58.0 58.0

aAge-standardized using overall study population weights by age category.
bPoisson regression model adjusted for age and trade.
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Worker reported exposure to loud or very loud noise also was

significantly associated with hearing loss with risk ratio of 1.20 (95%

CI = 1.12-1.29) for those exposed more than 90% of the time.

Compared to never smokers both current and past smokers were at

significantly increased risk. Exposure to organic solvents was

significantly associatedwith hearing loss. Risk of hearing loss increased

with quartiles of the solvent exposure index, reaching 1.15 (95%

CI = 1.07-1.25) among those in the highest quartile. Interestingly, the

effect of solvent exposures was of approximately the same magnitude

as cigarette smoking.

The risk of hearing impairment among construction workers was

substantially higher than among workers in the external comparison

population of industrial workers having been exposed to noise levels

<80 dBA. These analyses were based on 1909 control workers and

TABLE 4 Prevalence of hearing impairment and risk ratios by trade grouptrade groups with 100 or more hearing tests shown separately

Trade group
Number of
workers tested

Unadjusted
prevalence (%)

Age standardized
prevalencea (%)

Model adjusted
risk ratio (95% CI)b

Administrative/scientific/security 1044 44.4 41.0 1.00 (Reference)

Boilermaker 339 69.9 69.9 1.48 (1.38-1.58)

Carpenter 1192 68.4 69.2 1.43 (1.34-1.53)

Electrician 3060 55.2 54.4 1.27 (1.19-1.36)

Insulator/asbestos worker 491 49.1 55.4 1.26 (1.15-1.39)

Ironworker 939 70.2 69.0 1.44 (1.35-1.53)

Laborer 2771 49.8 55.3 1.27 (1.19-1.36)

Machinist 132 55.3 44.6 1.17 (1.01-1.35)

Mason 312 60.9 58.8 1.32 (1.21-1.45)

Mechanic 141 66.0 63.3 1.38 (1.25-1.53)

Millwright 277 67.5 63.1 1.43 (1.33-1.54)

Mining/tunneling 107 75.7 66.6 1.47 (1.35-1.59)

Operating engineer 1109 62.5 64.4 1.41 (1.32-1.50)

Other construction trades/crafts 171 61.4 56.8 1.21 (1.07-1.36)

Painter 516 54.1 58.2 1.31 (1.20-1.42)

Plumber, steamfitters, pipefitter 2887 62.6 61.5 1.38 (1.29-1.47)

Production worker 311 53.7 45.6 1.08 (0.96-1.20)

Roofer 184 53.3 58.1 1.30 (1.15-1.47)

Sheet metal worker 890 66.4 64.7 1.41 (1.32-1.50)

Sprinkler fitter 133 67.7 62.5 1.36 (1.22-1.50)

Teamster 694 61.5 59.6 1.33 (1.24-1.43)

Welder 172 76.7 71.4 1.43 (1.32-1.54)

All other workers 1255 47.4 46.4 1.09 (1.01-1.18)

aAge-standardized using overall study population weights by age category.
bAge-adjusted log-binomial regression model results.

TABLE 5 Prevalence of hearing impairment by percentage of time exposed to loud to very loud noise and duration of trade work

Prevalence by duration of trade work number with hearing loss and percent ()

Percent of time exposed to loud or very loud noise <15 years 15-24 years 25-33 years 33+ years
Overall prevalence
by noise exposure

<50% 20 (18.7) 28 (15.4) 170 (40.8) 314 (60.4) 532 (43.4)

50-69% 11 (23.9) 29 (17.0) 123 (39.8) 274 (67.0) 437 (46.7)

70-89% 8 (12.3) 47 (18.7) 162 (44.9) 302 (71.7) 519 (47.3)

90+% 15 (23.1) 79 (25.1) 266 (47.3) 531 (71.3) 891 (52.4)

Overall prevalence by duration of trade work 54 (19.1) 183 (19.9) 721 (43.7) 1421 (67.8)

Workers with less 5 years of other work after age 20 (N = 4947).
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4275 construction trade workers. In the regression model (not

shown) adjusted for age, race, and gender the risk among

construction workers was 33% higher than the comparison

population (RR = 1.33, 95% CI = 1.17-1.51). Among construction

workers with more than 35 years in the trades the risk ratio was 1.47

(95% CI = 1.27-1.69). Workers with as little as 5 years of

construction trade work were at increased risk compared to the

low noise exposed controls (RR = 1.06, 95% CI= 1.04-1.08). In a like

manner, we compared risk of hearing loss among workers in our

study but in jobs classified as administrative, scientific, or security

with the low noise-exposed industrial comparison population. After

adjustment for age, race, and gender, the relative risk for our internal

comparison population of administrative, scientific, or security

workers was lower than the NIOSH industrial population; however,

TABLE 6 Regression results for hearing impairment workers with less 5 years of other work after age 20

Model parameter (final model P-value)
Fulla regression model
risk ratio (95% CI) [N = 4695]

Finala regression model
risk ratio (95% CI) [N = 4809]

Duration of trade work (P < 0.0001)b

≤10 years 1.00 1.00

11-19 years 1.74 (0.93-3.24) 1.83 (0.98-3.41)

20-29 years 3.43 (1.89-6.22) 3.60 (1.98-6.54)

≥30 years 3.60 (1.96-6.60) 3.80 (2.07-6.98)

Loud or very loud noise exposure (P < 0.0001)

<50% 1.00 1.00

50-74% 1.07 (0.98-1.16) 1.06 (0.98-1.15)

75-90% 1.19 (1.09-1.29) 1.18 (1.09-1.29)

>90% 1.21 (1.12-1.30) 1.20 (1.12-1.29)

Cigarette smoking history (P < 0.0001)

Never smoked 1.00 1.00

Past smoker 1.09 (1.03-1.16) 1.10 (1.03-1.17)

Current smoker 1.18 (1.09-1.28) 1.19 (1.10-1.28)

Smoking unknown 0.97 (0.70-1.33) 1.20 (0.96-1.50)

Organic solvent exposure (quartiles) (P = 0.0018)

0-5 1.00 1.00

6-18 1.07 (0.98-1.16) 1.07 (0.98-1.16)

19-42 1.12 (1.03-1.21) 1.12 (1.03-1.21)

≥43 1.15 (1.06-1.24) 1.15 (1.07-1.25)

Hypertension (P = 0.0393)

No 1.00 1.00

Yes 1.06 (1.00-1.14) 1.06 (1.00-1.12)

Elevated serum cholesterol

No 1.00

Yes 1.04 (0.94-1.14)

Recreational noise exposure

No 1.0

Yes 1.04 (0.96-1.13)

Alcohol consumption

Never 1.00

1-6 drinks/week 0.96 (0.90-1.02)

1-2 drinks/day 1.03 (0.94-1.14)

≥3 drinks/day 1.02 (0.93-1.13)

Recovering alcoholic 0.98 (0.87-1.11)

aRegression model risk-ratios and 95% confidence intervals controlling for age (restricted cubic spline), race, sex, and other model covariates as shown.
bLikelihood-ratio P-values are shown for covariates included in the final model.
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the risk ratio did not achieve statistical significance (RR = 0.80, 95%

CI = 0.59-1.09).

Results of the multivariate analyses of hearing thresholds by years

of construction work and solvent exposure index are shown in

Figures 2 and 3. The pattern of hearing loss by frequency

demonstrated a pattern consistent with noise-induced hearing loss,

with a rapid decline in mean hearing threshold in the 2000-6000Hz

range and a plateau at 8000 Hz. This pattern was consistent across

categories of construction work duration (Figure 2). Workers with a

high solvent exposure index had significantly greater mean hearing

thresholds compared to those with a low solvent exposure index

(Figure 3) and the pattern extended across the frequencies tested.

4 | DISCUSSION

As noted above, it is well accepted that excess noise exposure causes

hearing loss, but the role of organic solvents is less well accepted.

There is sufficient animal data, primarily from studies in rats, to

conclude that several specific organic solvents cause hearing loss.

Epidemiologic studies in humans exposed both to a combination of

solvents and to the individual solvents identified as ototoxic in rat

studies have confirmed the results of animal experiments, and found

effects on hearing from combined solvents as well. The research

supporting these statements is well summarized in a document

produced collaboratively in 2010 by NIOSH and the Nordic Expert

Group; a collaboration among the Institutes of Environmental and

Occupational Health in Norway, Finland, Denmark, Iceland, and

Sweden.6,11,19 The EU Agency report also concluded that due to

limitations in the human studies, there are neither clear data on dose-

response relationships nor clear effects on auditory thresholds in

humans. The pattern of hearing loss across pure-tone frequencies

observed in the current study is reasonably consistent with that

observed by Sliwinska-Kowalska et al20 for mixed solvent exposures.

4.1 | Prevalence of hearing loss

Results of the current analyses are largely consistent with our prior

reported based on a much smaller study population.7 The overall

prevalence of hearing impairment in the prior study was 59.7%

compared to 58% in the current study. Consistent with the prior

analyses, years of trade work and reported exposure to loud or very

loud noise were useful surrogates of occupational noise exposure and

both were significant predictors of hearing impairment.

The current study included a much more detailed qualitative

assessment of lifetime exposures to organic solvents based on

procedures developed for a prior case-control study in this popula-

tion.8 Organic solvent exposures were significantly associated with

risk of hearing impairment. The organic solvent effect was approxi-

mately the same magnitude as cigarette smoking. Both animal and

epidemiologic data support a causal association between exposures to

solvents and the risk of hearing loss.6,11,19

4.2 | Comparison to referent populations

Internal comparisons found nearly all construction trades to be at

significantly increased riskwhen compared toworkers in jobs classified

as administrative, scientific, or security. The risk of hearing loss among

construction trade workers also was substantially higher than an

external industrial referent population with noise exposures <80 dBA.

4.3 | Causal inference

To establish causality based on statistical associations a number of

commonly recognized criteria (generally known as Bradford Hill's

criteria) must be met.21 We have grouped these criteria to include the

following with our explanation of how our results support them:

� Strength of association.We found a very strong and consistent risk of

hearing loss across all construction trades. Additionally, risk

FIGURE 2 Model adjusted mean hearing thresholds by duration
of construction trade employment category. Regression model
adjusted for all covariates in the final model shown in Table 6.
Predictions based on population mean age (60 years), never-smoker,
high solvent exposure index, >90% exposure to loud or very loud
noise, and no hypertension

FIGURE 3 Model adjusted mean hearing thresholds by solvent
exposure index category. Regression model adjusted for all
covariates in the final model shown in Table 6. Predictions based on
population mean age (60 years), never-smoker, 30+ years of
construction work, >90% exposure to loud or very loud noise, and
no hypertension
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increased with duration of trade work and by qualitative indices of

exposure to both noise and solvents. We also found the risk for

hearing loss to be significantly increased relative to both the internal

and external referent groups.

� Consistency, plausibility. There is a large and substantial body of

literature tosupportboth theassociationofnoisewithhearing loss, and

also increased risk of hearing loss in populations of construction trades

workers. There is a growing body of evidence of the association of

solvents with hearing loss, which is supported by this study.

� Alternative/counterfactual explanations. We examined a large

number of social, behavioral and biological alternative explanations.

We found significant associations of smoking and hypertensionwith

hearing loss, but no significant interaction with reported noise

exposure.

4.4 | Strengths and limitations

Our study has several strengths including a large study population and

availability of data to assess and control for impacts of potential

confounders. Additionally, the population covered a broad spectrumof

construction trades geographically dispersed across the U.S. We also

had available a group of workers employed in jobs with likely lower

levels of occupational noise exposure which served as a reference

population for internal comparisons.

Our study also has several limitations most notably the lack of

quantitative measures for noise and solvent exposures. We used

surrogates for relative noise exposures (trade work duration and time

exposed to loud or very loud noise). We also developed a qualitative

index of organic solvent exposures. Given the nature of our solvent

exposure index, exposure misclassification is likely non-differential

with respect to presence or absence of hearing loss, whichwould likely

dampen the effects of solvent exposures. Additionally, our solvent

exposure index included a mix of organic solvents, thus more

substantial effects of some specific solvents are likely dampened.

Although we do see a trend for increased risk in the higher quartiles of

solvent exposure, our results do not allow us to estimate a level of

exposure that might not be injurious. Prior human studies have seen

effects at levels of 50 ppm of toluene for 7 years and with a mean

styrene exposure at 14 ppm over working lifetime.22,23

We were not able to assess the impact of hearing conservation

programs within our data as most workers in our more detailed

multivariate analyses were employed significant time periods outside

DOE.However, a recent study amongU.S. constructionworkers found

that workers used hearing protection less than one-quarter of the time

that they were exposed above 85 dBA.3 Our results suggest generally

limited effectiveness of any hearing conservation programs in place

among our study population.

5 | CONCLUSIONS

Construction workers are at significantly increased risk of hearing loss

with comparable risk across nearly all construction trades. The results

reported here are sufficient to infer a causal relationship between

construction trades work and hearing loss. Organic solvent exposures,

cigarette smoking, and hypertension significantly increase the risk of

hearing loss.
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