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Abstract

Objective—This study characterized overall and specific costs associated with hearing
conservation programs (HCPs) at US metal manufacturing sites, and examined the association
between these costs and several noise-induced hearing loss (NIHL) outcomes.

Design—We interviewed personnel and reviewed records at participating facilities. We also
measured noise for comparison to the ten-year average of measurements made by each facility.
NIHL outcomes assessed included rates of standard threshold shifts (STS) and high-frequency
hearing loss, as well as prevalence of hearing impairment, for each participating facility. We used
linear regression to identify per-person HCP costs that best predicted the NIHL outcomes.

Study Sample—We evaluated 14 US metal manufacturing facilities operated by a single
company.

Results—Annual HCP costs ranged from roughly $67,000 to $400,000 (average $308+80 per
worker). Our full-shift noise measurements (mean 83.1 dBA) showed good agreement with the
facilities’ measurements (mean 82.6 dBA). Hearing impairment prevalence was about 15%
overall. Higher expenditures for training and hearing protector fit-testing were significantly
associated with reduced STS prevalence. Higher training expenditures were also related to lower
hearing impairment prevalence and high-frequency hearing loss rates.

Conclusions—HCP costs were substantial and variable. Increased workplace spending on
training and fit-testing may help minimize NIHL.
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INTRODUCTION

The US Occupational Safety and Health Administration (OSHA) began regulating
occupational noise in the US in 1971 with the promulgation of a Permissible Exposure Limit
(PEL) of 90 A-weighted decibels (dBA) as an 8-hour time-weighted average (TWA)

(OSHA, 1971). However, recognizing the inadequacy of this limit to adequately protect
workers from noise-induced hearing loss (NIHL), in 1983 OSHA issued a Hearing
Conservation Amendment (HCA) which required employers to create and manage a hearing
conservation program (HCP) for workers exposed at levels greater than or equal to an Action
Level (AL) of 85 dBA TWA (OSHA, 1983). The HCA requires that HCPs provide to
workers, at a minimum: baseline and annual audiometric testing; a variety of hearing
protection devices (HPDs); training and education; noise monitoring and evaluation; and
maintenance of relevant records for all individuals exposed at levels equal to or greater than
the AL (OSHA, 1983). Programs not in compliance with these requirements risk potential
citations and fines following an inspection by OSHA compliance officers.

Although the HCA provides general guidelines for program compliance, it is a performance
standard, and many different methods of implementation can be used to comply with the
standard. HCPs across industries may vary widely, and even within companies, substantial
differences in how sites interpret and administer both federal and corporate requirements can
exist (Brueck et al., 2013). While it is generally assumed that maintaining a compliant HCP
reduces rates of NIHL among workers, current research is conflicting (Adera et a/., 1993;
Wolgemuth et al., 1995; Davies, Marion and Teschke, 2008; Oestenstad, Norman and
Borton, 2008; Fonseca et al., 2016; Muhr et al., 2016). Occupational NIHL rates in US
industries remain high, even thirty years after adoption of the OSHA HCA (Masterson et al.,
2016).

The apparent limited effectiveness of HCPs highlights current gaps in knowledge regarding
individual program aspects and their effects on hearing health outcomes. Some researchers
have suggested education and awareness as a key focus for effective HCPs (Rogers et al.,
2009; Muhr and Rosenhall, 2011; O’Brien, Driscoll and Ackermann, 2014), while others
point to HPD use (Heyer et al., 2011) and fit (Prince et al., 2004; Muhr and Rosenhall, 2011)
or noise controls (Davies, Marion and Teschke, 2008). No studies to date appear to have
quantitatively examined the relationship between company expenditures on different aspects
of HCPs and rates of hearing impairment.

Given the gaps in available knowledge regarding the cost-effectiveness of US HCPs, we
sought to better characterize costs associated with HCPs. Specifically, we: 1) evaluated
overall costs and costs associated with individual program elements (e.g., training, noise
monitoring, etc), and; 2) examined the association between overall and program element
costs and several metrics of NIHL. The information obtained through this research has
relevance to occupational hearing conservation efforts in the US, and also provides methods
that may be useful for evaluating the cost-effectiveness of other occupational health
programs.
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METHODS

This study was approved for human subjects research by the Yale University Institutional
Review Board (HIC: 0509000588). From 2012-2015, our team conducted site visits to 14
US metal manufacturing facilities operated by a single company for the purposes of
developing evidence-based metrics to evaluate the effectiveness of hearing conservation
programs. Site visits included structured interviews with health and safety managers, staff,
and occupational nurses and physicians at each facility. During these interviews, information
was collected from HCP managers and other company personnel regarding the costs
associated with noise exposure and operating that site’s hearing conservation program; the
cost categories and calculations used to compute costs are presented in Table 1. Our team
also reviewed cost information from invoices and procurement if that information was
available from management. Final spreadsheets incorporating all identified program costs
were provided to each facility along with a comprehensive report to elicit feedback on any
missing or incorrect data, which was corrected and updated as necessary. While workers’
compensation claims related to NIHL and hearing loss investigation costs may also be
evaluated as outcome variables indicative of an ineffective HCP, they were included as
program costs in order to more accurately describe the price associated with noise exposure
and HCP management at the participating facilities.

Up to 45 full-shift personal noise measurements on workers were made by our team utilizing
the OSHA AL standards during each site evaluation (85 dBA criterion level with 5 dB
exchange rate). Measurements with a run time between 6-10 hours were corrected to an 8-
hour TWA; measurements outside of this duration range were rare (<20% of all
measurements), and were left as the average level over the actual runtime (Layg), rather
than normalized to a TWA. These measurements were compared to the ten-year noise
measurement averages obtained for each facility from the company’s comprehensive
corporate noise database; these measurements were also collected using OSHA AL criteria
and corrected to an 8-hour TWA. For facilities that had operated for fewer than ten years, all
available yearly noise measurement averages were provided.

Due to an ongoing research and data sharing relationship between Yale University and the
company, we were able to utilize audiometric surveillance data as well as company noise
exposure measurements for each of the 14 facilities participating in the study. These
included age- and non-age-corrected Standard Threshold Shift (STS) rate (%), high-
frequency hearing loss rate (in dB/year), and prevalence of hearing impairment (%). An STS
was defined as an increase of at least 10 dB in the average audiometric threshold taken at
2000, 3000, and 4000 Hz compared to the baseline audiogram. Age-correction was
performed using standard OSHA age-correction tables (OSHA, 1993). Both age- and non-
age-corrected STS rates were calculated as a percentage of employees receiving annual
hearing tests within the population of the HCP over the five years preceding our site
evaluation. High-frequency hearing loss was calculated as the average change per year (dB/
year) of the 3000, 4000, and 6000 Hz thresholds averaged across all workers (two
measurements per worker, one for each ear) over the ten years preceding our site evaluation.
The prevalence of hearing impairment was calculated according to the guidelines of the
American Medical Association (AMA), where individuals were classified as hearing

Int J Audiol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sayler etal.

RESULTS

Page 4

impaired if average hearing thresholds at 500, 1000, 2000, and 3000 Hz exceeded 25 dB
hearing loss in either ear (AMA, 2001). This percentage value represented the percent of
hearing impaired individuals within the facility’s HCP for the most recent year available.

IBM SPSS Statistics Version 24 (Armonk, NY) was used for all statistical analyses.
Variables were summed by category (Table 1), and split into wage- and non-wage-related
costs for descriptive statistics and further analyses. To standardize costs across facilities with
different workforce sizes, cost category totals were also divided by the number of
individuals within the associated HCP at the time of the evaluation, to yield a per-person
cost. The average noise exposure trend was calculated in dBA per year, where a negative
value indicates a decreasing average noise exposure and a positive value indicates increasing
average noise exposures; trends of —0.05 dBA and below were chosen to represent facilities
with decreasing (i.e., not relatively stable or increasing) noise exposure trends. We
conducted bi-variate analyses (e.g., correlation coefficients and scatterplots) to assess
potential co-linearity among the cost calculator and noise exposure variables, and we
performed linear regression modeling to identify per-person cost variables that best
predicted the four hearing health outcomes. In addition to using standard significance testing
(a=0.05), we evaluated our results using Bonferroni corrections, due to the increased
likelihood of Type 1 error when performing repeated significance testing using a single
outcome variable (Dunn, 1961).

The 14 participating facilities represented primary and secondary processes of metal
manufacturing (one and 11 sites, respectively), with some facilities encompassing both
processes (two sites). HCPs at the participating sites ranged in size from 225-1513 workers,
with a median of 567 workers (mean=666, total=8578 workers). HCP management varied by
site, with nine facilities performing all HCP elements in-house, and the remaining five sites
using a contractor or hospital to assist with some level of program administration.

Noise and Hearing

The average age-corrected STS prevalence of 3.1% (range: 1.4-6.6%) was substantially
lower than the non-age-corrected prevalence of 7.6% (3.2-11.2%, Table 2). Age-corrected
and non-age-corrected STS rates were significantly correlated (r=0.83, p<0.001, Figure 1),
although average employee age was not significantly related to the available hearing health
outcomes (data not shown). On average, high-frequency hearing thresholds improved over
time (mean —0.1 dB/year), though some plants showed increasing rates of high-frequency
hearing loss (maximum 0.4 dB/year). The mean hearing impairment prevalence rate was
approximately 15% across all facilities, with a large range (7.7% to 38%). While age- and
non-age-corrected STS prevalence and high-frequency hearing loss rates were all related,
hearing impairment prevalence for the most recent year was only related to high-frequency
hearing loss rate (r=0.55, p=0.04, Figure 1). Full-shift noise exposures measured during the
HCP evaluation site visit (mean=83.1 dBA) showed good agreement with measurements
received from the corporate noise surveillance database (mean TWA=82.6 dBA), as shown
in Figure 1 (r=0.59, p=0.03). The three sites that included some level of primary metal
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manufacturing had significantly lower average 10-year noise levels than facilities
encompassing only secondary metal manufacturing aspects (79.0 vs. 83.5 dBA TWA,
p=0.01). In an examination of the relationship between noise exposures and hearing health
outcomes, the ten-year noise exposure trend (average change in noise TWA exposure in
dBA/year) was also significantly related to non-age-corrected STS prevalence (r=0.54,
p=0.045). Only three facilities reported a 10-year noise TWA exposure level of >85 dBA,
and our measurements indicated an additional two facilities with an average full-shift noise
exposure >85 dBA. In a comparison of the facilities with >85 dBA and <85 dBA exposure
levels (both historically and during our assessment), we found no significant difference in
any of the available hearing health outcomes between the groups.

Annual HCP costs ranged from about $67,000 to almost $400,000, with an average cost of
$308 per person each year. The range in costs per person per year was large ($203-438,
Table 2), and the most costly facility program spent more than twice the amount per worker
as the least-expensive. A majority of the overall costs of the HCPs across all categories were
related to personnel wages (65% of per person costs), at an average rate of $199/person
enrolled in the HCP each year. Among the different cost categories represented in Table 2,
program management costs accounted for the greatest share, both overall (mean=$56,270)
and by person (mean=%$94), representing approximately 30% of all costs. Only two facilities
reported Workers” Compensation costs (mean=$42,218 or $90/person), and only four
facilities reported performing fit-testing (categorized for our purposes as a specific type of
training), with an average cost of $9 per person ($3,818 overall mean). The average reported
cost of HPDs was $64 per person, per year, while training expenditures (including fit-
testing) averaged approximately $23/person each year.

In general, as plant size increased, overall program cost also increased, but the four plants
with the highest per-person costs all had under 500 workers in their HCPs (Figure 2). Figure
2 also shows large variability in the distribution of spending across cost categories, although
program management, audiometry, and HPD costs commonly accounted for the highest
proportion of both overall and per-person costs. As an example of cost variability, Sites 4, 5,
and 6 all had approximately 400 workers in their HCPs, but their per-person costs varied by
about $200, with Site 5 spending considerably more on audiometry, and Site 6 spending a
larger percentage on HPDs. Sites that spent more on equipment also spent more on training
(0=0. 004), and sites with higher industrial hygiene-related (IH) costs spent more on Council
for the Accreditation of Occupational Hearing Conservationists (CAOHC) certification
(1p=0.03) and training (p=0.01). The majority of non-wage-related costs were associated with
more spending on HPDs (p=0.01), and wage-related costs were significantly associated with
program management (0<0.001). No significant differences in program costs were found
between sites that performed all HCP aspects in-house and those that contracted out various
elements of their HCPs.

between Program Costs and Hearing Outcomes

Per-person total HCP costs were not significant predictors of any of the four hearing health
outcomes assessed (Table 3). However, in unadjusted analyses, higher expenditures on
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training plus any fit-testing costs and fit-testing alone were significant predictors of lower
rates of non-age-corrected hearing loss (0=0.006 and 0.001, respectively), while fit-testing
spending alone predicted lower rates of age-corrected STSs (p=0.045). Higher training costs
plus any fit-testing cost and higher training costs alone were related to decreased rates of
hearing impairment (p=0.01 and 0.04, respectively), while training costs that included fit-
testing were related to lower 10-year average high-frequency hearing loss rates (p=0.03).
Although only four facilities reported performing fit-testing, these facilities had the lowest
percentages of age-corrected STSs, and three of the four facilities had the lowest rates of
non-age-corrected STSs. All four facilities that performed fit-testing operated entirely in-
house HCPs and did not contract any aspect of their program to an outside organization.

Facilities that spent more money on CAOHC certification for audiometric technicians had
significantly higher prevalence of age-corrected STSs (p= 0.001), and facilities with higher
HPD expenditures had higher rates of hearing impairment (p=0.03, Table 3). Although not
statistically significant (0=0.19), a negative relationship did exist between number of
individuals in an HCP and age-corrected STSs, where larger facilities had lower percentages
of age-corrected STSs (r=—0.37). Additionally, facilities that did not report using contracted
companies for any element of their HCP had lower rates of high-frequency hearing loss than
those facilities that utilized a contractor for their program management (-0.17 dB/year vs.
0.04 dB/year, p=0.05). When accounting for repeated evaluations of linear relationships on
the same outcome variable using Bonferroni corrections, higher expenditures on fit-testing
remained a significant predictor of reduced non-age-corrected STS rates, while increased
CAOHC spending was still significantly related to an increase in age-corrected STS rates.

DISCUSSION

To our knowledge, this study is the first to evaluate financial costs associated with operating
an industrial HCP, and to attempt to link program costs and cost distributions to hearing
health outcomes. Our analysis of 14 metal manufacturing facilities within the US
demonstrated a significant link between training expenditures that included fit-testingand
reduced STS prevalence, with fit-testing expenditures being the strongest predictor of
reduced non-age-corrected STS rates. Increased training spending plus fit-testing spending
was also related to reduced hearing impairment prevalence and lower high-frequency
hearing loss rates.

We found significant inter-variable correlation between many of the hearing health outcomes
that we evaluated, and we also found significant relationships between point-in-time noise
measurements performed by our research team and those performed by the company and
recorded within the corporate hygiene database over the preceding ten years. Interestingly,
our models showed higher prevalence of age-corrected STS among facilities reporting more
spending on CAOHC certifications, which remained a significant predictor even after
performing Bonferroni corrections. We furthermore found an association between higher
spending on HPDs and higher facility rates of hearing impairment. While the reasons for this
are unclear, one possibility is that since age-corrected STS is a lagging indicator of hearing
loss, facilities with more age-corrected standard threshold shifts may consequently begin
spending larger portions of their HCP budget on certifying individuals to provide more
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comprehensive hearing loss services to workers, in order to combat increasing rates of
NIHL. Similar effects may be occurring with HPD spending: Since the hearing impairment
prevalence variable represented the most recent year of data available, higher rates of recent
hearing impairment may have been recognized and triggered increased spending on HPDs.
Non-age-corrected STS rates and high-frequency hearing impairment trends may be more
challenging for facilities to identify, and therefore less likely to spark corrective actions
through increased HPD and certification spending. We also believe non-age-corrected STS is
a more leading indicator of hearing loss (Rabinowitz et al., 2007), and our results suggest
that this may be an important metric for facilities to explore in assessing the effectiveness of
their HCP.

This study has a number of limitations. First, all study sites were operated by the same
company. While there were clearly differences in costs and program elements across the 14
surveyed sites, and some variability in HCP execution (i.e., fit-testing was relatively rare
among the participating facilities), there were nevertheless underlying similarities in the
programs assessed which may limit the generalizability of our results to other companies
and industries. The second limitation is the relatively small sample size of 14 sites. While
this is the largest analysis of hearing conservation program costs and performance that
appears to have been published to date, it nevertheless represents a small sample of facilities
in a single industry. A larger sample size would allow for multiple linear regression
modeling and controlling for important modifying variables, such as employee age and
facility noise levels, when assessing the effects of spending on hearing health outcomes.

The third limitation is that there were at least two costs that we did not formally account for
in our analysis: the cost of workplace safety and health insurance premiums (D. Driscoll,
pers. comm., 25 Feb 2017), and the cost of noise controls. Insurance costs can vary
substantially depending on the occupational health and safety performance of insured
facilities and companies, and it is possible that the participating sites with the worst hearing
loss performance may have had additional insurance premium costs that are not reflected in
the analyses presented here, and which could influence the observed relationships between
hearing conservation program costs and hearing loss outcomes. We evaluated noise control
efforts at the plant, but were not able to collect noise control cost information in a systematic
way due to complexities in costs associated with engineering, maintenance, and other
aspects of controls.

The fourth limitation is that all of the participating facilities adhered to the same exposure
limit — the OSHA AL. The company’s use of the 5 dB exchange rate (and our resulting use
of the same for comparison purposes) results in a reduced estimation of hearing loss risk for
a given noise exposure level compared to the estimation of hearing loss risk that would result
from the use of a 3 dB exchange rate. While not the primary focus of our analyses, this
potentially affected our characterization of the facilities’ noise exposure and associated
hearing loss metrics. Additionally, it is unclear whether the results presented here would be
relevant to other facilities that use different exposure limits (for example, the Threshold
Limit Value put forth by the American Conference of Governmental Industrial Hygienists,
or the Recommended Exposure Limit used by the National Institute for Occupational Safety
and Health). A related issue involved our treatment of measurements outside a duration of
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6-10 hours as non-normalized (L ayg) values. In non-manufacturing environments with
highly variable noise levels, this approach could potentially have introduced some bias into
our exposure estimates. However, given the relatively stable levels observed in the
participating facilities, we believe this approach was warranted, as it allowed us to use the
small fraction of our measurements (<20%) that were outside of typical shift lengths.
Despite these limitations, the analysis and results presented here represent an important step
forward in assessing the cost-effectiveness of efforts to prevent occupational noise-induced
hearing loss.

CONCLUSION

This study provides a basis for the use of HCP cost data and corporate noise and hearing loss
records as a means to determine the most cost-effective aspects of HCPs, and also supports
increased spending on training and fit-testing to minimize NIHL in the workplace.
Additional research is needed to evaluate whether the associations between noise exposure,
hearing health outcomes, and HCP program costs observed here are generalizable to other
industries.
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Abbreviations:

AL Action Level

AMA American Medical Association

CAOHC Council for the Accreditation of Occupational Hearing
Conservationists

dBA A-weighted decibels

dBHL Decibels hearing loss

HCA Hearing Conservation Amendment

HCP Hearing Conservation Program

HPD Hearing protection device

NIHL Noise-induced hearing loss

NIOSH National Institute of Occupational Safety and Health

OSHA Occupational Safety and Health Administration

PEL Permissible Exposure Limit
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STS Standard Threshold Shift
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Figurel.
Correlation matrix of hearing loss outcomes, including age-corrected standard threshold

shift (STS) prevalence, non-age-corrected STS prevalence, age-corrected high frequency
hearing loss rate (dB/year), hearing impairment prevalence, average noise exposure during
hearing conservation program (HCP) assessment (dBAL), average 10-year noise TWA
exposure for the facility (dBA), and 10-year average noise exposure change rate (dBA/year)
for 14 metals manufacturing facilities in the US. (Note: scales vary based on data range)
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Figure 2.
Hearing conservation program (HCP) costs by cost category for 14 metals manufacturing

facilities in the US, where N represents the number of individuals enrolled in the associated
HCP at the time of the study, ordered from smallest to largest facility in both figures. Figure
2(A) represents overall costs and Figure 2(B) represents costs per person in the associated
HCP. (Note: Corporate software costs not included due to standardized expenditures across
facilities and minimal generalizability)
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