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INTRODUCTION
What is the National Occupational Research Agenda?
The National Occupational Research Agenda (NORA) is a partnership program to stimulate innovative research
and workplace interventions. In combination with other initiatives, the products of this program are expected to
reduce the occurrence of injuries and illnesses at work. Unveiled in 1996, NORA has become a research
framework for the National Institute for Occupational Safety and Health (NIOSH) and the nation. Diverse parties
collaborate to identify the most critical issues in workplace safety and health and develop research objectives
for addressing those needs.
NORA entered its third decade in 2016 with an enhanced structure. The ten sectors formed for the second
decade will continue to prioritize occupational safety and health research by major areas of the U.S. economy. In
addition, there will be seven cross-sectors organized according to the major health and safety issues affecting
the U.S. working population. While NIOSH is serving as the steward to move this effort forward, it is truly a
national effort. NORA is carried out through multi-stakeholder councils, which are developing and implementing
research agendas for the occupational safety and health community over the decade of 2016 to 2026. These
councils address objectives through information exchange, partnership building, and enhanced dissemination
and implementation of evidenced-based solutions.
NORA groups occupational health and safety issues into seven cross-sectors. The Hearing Loss Prevention CrossSector focuses on reducing occupational hearing loss through research on controlling hazardous noise and
ensuring hearing protectors are as effective as possible where dangerous noise exposures have not yet been
controlled or eliminated. Hearing loss prevention researchers seek to accomplish the following:
•
•
•
•
•

Provide input for policies and guidelines that will inform best practices for hearing loss prevention
efforts.
Develop effective, evidence-based education designed to improve hearing conservation program
outcomes for exposed workers and management.
Develop, commercialize, and widely implement noise control solutions on jobsites in key industries.
Develop audiological tests for hearing loss prevention.
Improve occupational hearing loss surveillance

What are NORA Councils?
Participation in NORA councils is broad; council members include stakeholders from universities, large and small
businesses, professional societies, government agencies, and worker organizations. Councils are co-chaired by
one NIOSH representative and another member from outside NIOSH.
Statement of Purpose
NORA councils are a national venue for individuals and organizations with shared interests in occupational safety
and health to work together to improve safety and health in the workplace. Councils started the third NORA
decade by identifying broad occupational safety and health research objectives for the nation. These research
objectives build upon advances in knowledge from the previous decade, address understudied and emerging
issues, and are based on council member and public input. Councils will spend the remainder of the decade
working together to address the agenda through information exchange, collaboration, and enhanced
dissemination and implementation of solutions that work.
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Although NIOSH is the steward of NORA, it is just one of many partners that make NORA possible. Councils are
not an opportunity to give consensus advice to NIOSH, but instead they provide a way to maximize resources
toward improved occupational safety and health nationwide. Councils are platforms that help build close
partnerships among members and broader collaborations between councils and other organizations. The
resulting information sharing and leveraging of efforts promotes widespread adoption of improved workplace
practices based on research results.
Councils are diverse, dynamic, and open to anyone with an interest in occupational safety and health. Members
benefit by hearing about cutting-edge research findings, learning about evidence-based ways to improve safety
and health efforts in their organizations, and forming new partnerships. In turn, members share their knowledge
and experiences with others and reciprocate partnerships.
The Hearing Loss Prevention Cross-Sector Council
The NORA Hearing Loss Prevention Cross-Sector Council was created in 2017, at the start of the third decade of
NORA, to promote dialogue and facilitate the development of partnerships to improve hearing loss prevention
efforts. Members of this cross-sector council include stakeholder partners from academia, trade/professional
organizations, industry, unions, and government agencies. Drawing on their collective experience and
knowledge, the council assesses the needs for hearing loss prevention; encourages new research; and promotes
the adoption of effective, evidence-based workplace interventions. Input from external partners is critical to
assessing the state of the field, for conducting new research, and for communicating findings to make positive
changes in the workplace. The council invites and encourages comments on cross-sector goals, research
direction, and prevention activities.

What does the National Agenda for Hearing Loss Prevention represent?
The National Occupational Research Agenda for Hearing Loss Prevention is intended to identify the research,
information, and actions most urgently needed to prevent occupational injuries, illnesses, and fatalities in
workplaces covered by the cross-sector. This agenda provides a vehicle for stakeholders to describe the most
relevant issues, gaps, and safety and health needs for the cross-sector. Each NORA research agenda is meant to
guide or promote high priority research efforts on a national level, conducted by various entities, including
government, higher education, and the private sector.
Because the agenda is intended to guide national occupational health and safety efforts for hearing loss
prevention, it cannot at the same time be an inventory of all issues worthy of attention. The omission of a topic
does not mean that topic is viewed as unimportant. However, those who developed this agenda believe that the
number of topics should be small enough so that resources can be focused on a manageable set of objectives,
thereby increasing the likelihood of real impact in the workplace.
NIOSH has used the draft agendas created by the sector and cross-sector NORA councils as input for the NIOSH
Strategic Plan for FYs 2019-2023. NIOSH programs used the burden, need, and impact method to write research
goals that articulate and operationalize the components of the NORA sector and cross-sector agendas that
NIOSH will address. NORA agendas and the NIOSH Strategic Plan are separate but linked.

Who is the target audience?
The hearing loss–prevention target audience is diverse, because this council addresses the needs of several
population and worker groups. Population groups can include persons of different ethnicity, gender, age,
education, and socio-economic status. Hearing loss prevalence varies according to industry and occupation [Kerns
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et al. 2018; Masterson 2015; Masterson et al. 2015]. Consequently, the hearing loss prevention target audience
includes but is not necessarily limited to the following:
• Occupational safety and health professionals, hearing conservationists, occupational physicians,
occupational nurses, industrial hygienists, and safety officers in industries with risk of occupationally
induced hearing loss
• Researchers from a wide range of specialties in audiology, industrial hygiene, engineering noise control,
epidemiology, and basic and applied science
• Workers in all occupational sectors
• Management and employers in all occupational sectors
• Labor organizations and unions concerned with the hearing health of their workers
• Academic and professional organizations interested in hearing loss prevention, engineering noise control,
and improvement of the hearing health of workers
• National and international consensus standards-setting organizations
• Health-related agencies in the federal, state, and local levels of government in the United States
• Health-related agencies in non-U.S. governments concerned with occupational hearing loss.

How was the research agenda developed?
The cross-sector council developed the National Occupational Research Agenda for Hearing Loss Prevention
over a period of a year, starting in August 2017. The selected council members provided a broad spectrum of
inputs from industry, academia, government, and professional organizations. Council members collaborated via
online meetings to develop five objectives (described in the next section), over the following timeline:
•

•

•

•

•

•
•

August 28, 2017
Council members were introduced. An overview of the NORA development process and of the NIOSH
Hearing Loss Prevention intramural research program was given. Council members discussed their
thoughts about hearing loss prevention needs.
September 29, 2017
David Copley and Amanda Azman presented on noise control engineering. Council members discussed
potential goals for inclusion in the NORA hearing loss prevention agenda.
February 21, 2018
At the National Hearing Conservation Association Meeting, William Murphy and Laurie Wells (co-chairs
of the cross-sector council) met to outline several items for the potential agenda.
March 28, 2018
An overview of the NORA sector and cross-sector councils was given to the Hearing Loss Prevention
Cross-sector Council members. The five objective areas and subtopics were presented to the council,
and the topics were discussed. Comments on the agenda were noted, and the draft agenda was
developed and circulated.
April 27, 2018
Council members discussed the draft NORA hearing loss prevention agenda and chose the objective(s)
they were most interested in working on. Members were assigned to smaller working groups for writing
and revising.
June 20, 2018
The five working groups reported on development progress.
August 14, 2018
The completed draft agenda was shared with the council, and comments were received and
incorporated. The working group members were asked to address any final questions that were raised
in the discussion. The NIOSH Occupational Hearing Loss Surveillance program was shared with council
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•
•
•

members.
October 1, 2018
Committee reviewed and approved the draft agenda.
February 5 – April 8, 2019
Public comment period.
May 21, 2019
Committee completed response to public comments and approved the final agenda.
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THE OBJECTIVES
Objective 1: Provide scientific basis for policies and guidelines that will inform best practices for
hearing loss prevention efforts.
1.1.

Assess occupational exposure limits for mixtures of noise and other ototoxicants.

Knowledge Gaps
Noise exposures affect approximately 22 million workers in the United States [Tak et al. 2009; Kerns et al. 2018].
Estimates of the number of workers exposed to combinations of noise and ototoxic organic solvents are
between 5 and 10 million [Morata et al. 1994; Themann et al. 2013]. The lower estimate is for only five known
ototoxic organic solvents: toluene, xylene, styrene, trichloroethylene, and carbon disulfide. Other chemicals
(such as Aroclor 1254 and acrylonitrile), heavy metals (such as lead, mercury, and trimethyltin), and asphyxiants
(such as carbon monoxide and hydrogen cyanide) are ototoxic and have potentially synergistic interactions with
noise [Fechter 2004]. Research suggests that the recommended exposure limits may need to be lower to
adequately protect workers from incurring hearing loss at an increased rate when both noise and an ototoxic
substance are present [Morata et al. 1993; Mäkitie et al. 2003; Fuente and McPherson 2009].
Research Needs
Continued research is needed to identify the metabolic pathways of solvent-induced hearing loss and its
interaction with noise-induced hearing loss. Chemical exposure limits may not be appropriate when the mixed
exposure is present. Further research is necessary to establish adequate exposure limits for mixed exposures.

1.2.

Promote fit testing in industrial hearing loss prevention programs.

Knowledge Gaps
Hearing protector fit testing has been in existence since 1976 [Michael et al. 1976]. More-portable fit-test
systems were first developed in the mid-1990s [Michael and Bloyer 1999]. Around 2005, objective and
subjective fit-test systems started becoming commonly available for incorporation into hearing loss prevention
programs [Schulz 2011; Murphy 2013]. Studies of fit testing results have indicated that roughly half of the
workers achieve less than 5 to 15 dB of attenuation without training [Joseph et al. 2007; Murphy et al. 2011;
Murphy et al. 2016]. Thus, using the estimate of 22 million noise-exposed workers and assuming that they are all
provided hearing protection, we predict that some 11 million U.S. workers are receiving less than the necessary
attenuation because of incorrect use of hearing protection [Gong et al. 2017]. The only way to more precisely
identify the specific at-risk population is through individual fit testing.
The incorporation of hearing protector fit testing into occupational hearing loss prevention programs is a critical
need that has been identified for decades [NIOSH 1985]. Hearing protector fit testing results in a personal
attenuation rating (PAR) that describes how well an individual has fit his/her hearing protection. The PAR is
different from the Noise Reduction Rating (NRR), which describes the potential noise reduction that a particular
hearing protector might be able to provide. The Occupational Safety and Health Administration (OSHA) has
published a letter of interpretation describing how the personal attenuation rating (PAR) may be used in the
hearing loss prevention program [OSHA 2018]. The PAR can be used to inform a worker about how well they
have fit the hearing protection. The PAR can be used to aid in training the worker to achieve an optimal fit. The
PAR cannot be substituted for the Noise Reduction Rating (NRR) when assessing the adequacy of a given
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protector for the purposes of determining an estimated noise exposure. Further research is needed on the type
of instructions to give workers, the frequency of fit testing, and the suitability of fit testing conducted in
different noise environments. Efforts to develop less expensive fit-test systems are important to lower the
barriers of cost for fit testing and to facilitate its incorporation within the audiometric screening that is required
by OSHA-mandated hearing conservation programs [OSHA 1983a].
Research Needs
Hearing protector fit testing faces several challenges going forward. How often should workers be fit tested?
When a worker demonstrates proficiency with a particular product, is it necessary to continue fit testing? Can fit
testing be combined with audiometric screening? How accurate is the fit-test system’s personal attenuation
rating (PAR)? When fit testing is conducted in the workplace, what is the influence of background noise on the
estimation of PAR? Which frequencies are the most useful to estimate PAR? Can the benefits of fit testing
hearing protection be demonstrated through a business case? Can the long-term benefits of fit testing workers
be realized through increased use of hearing protection, and will it lead to a reduced incidence of hearing loss?
How can the use of hearing protection in the workplace be translated into use outside of the workplace?

1.3.

Use applicable age correction for audiometric data.

Knowledge Gaps
In 1972, NIOSH published its first criteria document for occupational noise exposure limits and how audiograms
exhibiting a shift in hearing might be corrected for the effects of aging, or presbycusis [NIOSH 1972]. OSHA
included the NIOSH age-correction tables in the 1983 Hearing Conservation Amendment, allowing for some
portion of observed occupational hearing loss to be attributed to the effects of aging [OSHA 1983b]. When
NIOSH revised its criteria for a recommended standard for occupational noise exposure in 1998, age correction
was not recommended [NIOSH 1998]. The current age-correction tables are based upon data that are not
representative of the ethnicity and gender of the current U.S. population, lack audiometric data for workers
older than 60 years, lack data at 8000 Hz, and have a small sample size that compromises the statistical power.
The National Health and Nutrition Examination Survey (NHANES) has current representative data from the U.S.
population in the lower 48 states. These data have been analyzed to estimate the marginal effect of hearing loss
as a function of age, after accounting for different health risks, smoking, ethnicity, and gender. The most
significant factors were ethnicity and gender. Non-Hispanic blacks have better hearing than non-Hispanic whites;
women have better hearing than men [Hoffman et al. 2016]. One possible research question open for analysis
and interpretation is whether median curves or some other percentile (for example, 25th percentile) might be a
better choice for age correction.
Research Needs
Age-correction tables for hearing loss have been developed from cross-sectional surveys of the population. The
application of cross-sectional trends to longitudinal trends may not be strictly correct. Does the cross-sectional
trend overestimate or underestimate the progression of presbycusis in the population? Longitudinal data sets
need to be identified and analyzed in order to understand whether the cross-sectional data are applicable. The
current analyses that have been conducted with the NHANES data consider which percentile captures the actual
trend in presbycusis. If the 50th percentile is used, then the corrections tend to over predict the incidence of
presbycusis.
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1.4.

Establish damage risk criteria for various noise exposures.

Knowledge Gaps
Hearing loss due to continuous noise versus intermittent exposures and hearing loss due to continuous noise
combined with impact or impulse noise accumulate at different rates. One metric that has been used to
distinguish the relative risk of hearing loss with complex noise exposure (combined continuous and impact
noise) in an animal model is the use of kurtosis, which describes the distribution of amplitudes of noise
exposure. At low levels, noise with a high level of kurtosis does not present any significantly increased risk.
However, as the overall exposure level increases, noise with a high kurtosis level tends to produce significantly
more hearing loss than an equivalent-energy lower kurtosis noise [Hamernik et al. 2003]. This animal research
has been extended to humans exposed to different types of noise. In Heyer et al. [2010], workers in an
automotive factory exposed to more impulsive noise (higher kurtosis) exhibited greater risk of hearing loss. Zhao
et al. [2010] measured exposures for several hundred workers in different factories in China and estimated the
cumulative lifetime noise exposure of the workers who have had long tenure in their jobs. The Chinese workers
exposed to higher-kurtosis noise accumulated hearing loss at a greater rate. Additional research by Davis et al.
[2012] and Xie et al. [2016] has added statistical power to these analyses. Thus, one area where the damage risk
criteria for occupational noise exposure can be updated is to include the effect of kurtosis on noise exposures
below 140 dB SPL (sound pressure level). These exposures tend to be representative of metabolic exhaustion of
the auditory sensory cells.
Damage risk criteria for noise exposures resulting from impulse noise (such as gunfire or explosions) also need
to be updated. Both NIOSH and OSHA have established ceiling limits of 140 dB SPL for unprotected exposures to
brief high levels of noise. The ceiling limit is derived from animal models where exposures above this limit
manifest as mechanical damage to the auditory sensory cells. The U.S. Department of Defense has initiated an
effort to update the medical standard related to these high-level noise exposures. In spite of the existence of
NIOSH and OSHA ceiling limits, exposures for law enforcement and safety personnel as well as some
construction and manufacturing workers exceed the 140 dB SPL limit. Just about every firearm used by law
enforcement produces peak impulses in the 150 to 170 dB SPL range [Tubbs and Murphy 2003; Murphy and
Tubbs 2007]. In drop-forge processes, impulses have been measured in excess of 140 dB SPL [Brueck et al.
2014]. Some tools in construction, such as powder-actuated nailers, are capable of producing impulses in excess
of 140 dB SPL. The number of workers exposed in law enforcement exceeds 1.1 million [NIOSH 2009]. The
damage risk criteria for military exposures will have significant bearing on what NIOSH might recommend. The
effort would be to support any damage risk criterion with data from occupationally relevant exposures and
epidemiology for the hearing loss incurred.
Research Needs
The differentially greater risk of hearing loss from impulse noise exposure is well-established. Several
researchers have proposed adjustment of the risk on the basis of kurtosis [Hamernik et al. 2003; Zhao et al.
2010; Goley et al. 2011]. The specific form of the adjustment needs further research. At least two potential
adjustments have been proposed. The surveillance data that have been collected may permit testing to
determine which adjustment method will yield the most accurate prediction of risk. The performance of hearing
protection devices in high-level impulse noise is an area for further research. Although the attenuation can be
predicted, the effect of a weak shock wave transitioning through the materials of a hearing protector may
reduce the risk of hearing loss because the attenuation varies as a function of frequency. Further research is
needed to understand the contribution of bone-conducted high-level impulse noise to the risk of noise-induced
hearing loss.
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1.5. Develop business cases that demonstrate economic benefit for hearing loss prevention
programs.
Knowledge Gaps
National or international regulations have influenced the comprehensive nature of hearing loss–prevention
programs. Some companies have minimally complied with the regulations, while others have made hearing loss
prevention a priority and exceed the regulatory minimum. The Safe-in-Sound Excellence in Hearing Loss
Prevention Award has recognized companies’ programs since 2009. Business cases can be developed from the
Safe-in-Sound award recipients that demonstrate the cost benefits of expanding hearing loss prevention
beyond minimal compliance with the regulations. Research from the University of Michigan’s Environmental
Health Program may provide examples that differentiate the cost effectiveness of using noise control
engineering versus personal protective equipment (hearing protection).
Research Needs
This particular objective will require efforts to conduct systematic reviews of research in hearing loss prevention.
The Cochrane review indicated that randomized case control studies are lacking in this field [Verbeek et al.
2009]. Thus, it may be important to develop and design studies that can meet the criteria for inclusion in future
systematic reviews. The association of injury data with hearing loss has begun to be studied in some cases
[Cantley et al. 2015]. The correlation of hearing loss with an increased prevalence of injury could provide a
useful direction for future research studies.

1.6.

Develop standards for personal exposure monitoring with in-ear dosimetry.

Knowledge Gaps
The basis of OSHA [1983a] regulation 29 CFR 1910.95, as well as other standards and regulations, is “when
sound levels exceed a given level, protection against the effects of noise exposure shall be provided.” With that
premise, policies and guidelines then prescribe how to monitor, protect, and train workers regarding their
estimated noise exposure. Traditional noise exposure monitoring only spot-checks exposure and is based on
assumptions that an individual’s exposure is directly related to the sound field levels measured in a survey.
Exposure is affected by other factors such as proximity to a loud noise source, use/misuse of hearing protection
devices, and physical characteristics of the ear canal and middle ear.
In-the-ear noise monitoring for an entire work shift is now feasible. Several commercial systems are available
[Smalt et al. 2017a, 2017b; Gjestland et al. 2016]. Personal exposure monitoring captures the worker’s exposure
in the ear canal and, when combined with external monitoring of the exposure, may yield a better estimate of
acoustic energy reaching the inner ear, after accounting for the achieved hearing protector attenuation.
Research Needs
Current damage risk criteria consider the noise exposure as measured in the sound field and not in the ear canal.
The location of the microphone, underneath the hearing protection device or in the ear canal, will be affected by
the various resonance effects and the attenuation performance of the hearing protection device. Consequently,
methods for determining and relating in-ear or under-the-protector measurements need to be developed in
order to validate personal dosimetry methods. Acoustic standards need to be developed for in-ear dosimetry to
be applied in hearing loss prevention programs.
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Research on measuring a person’s noise exposure under a protector is also ongoing. Preliminary research
suggests that the attenuation of a hearing protector may underestimate the level of protection provided.

1.7. Develop better technologies for hearing loss prevention.
Knowledge Gaps
Hearing protection devices have traditionally consisted of passive earplugs, earmuffs, and canal caps. Advances
in miniaturized circuitry and transducers have allowed advanced technology to be fitted into a package that can
easily fit in the ear canal and concha. Advanced directional microphone arrays borrowed from the hearing aid
community promise to restore the localization capabilities that are lost when the ear is occluded. Other
technologies may allow an electronic protector to assess the quality of the fit, exposure, and possibly the
compliance of workers when using the protection. How can innovators be encouraged to develop unique
solutions to problems in hearing loss prevention?
Research Needs
Research is needed to assess the ability of workers to localize sounds while wearing a particular device as well as
the change in work performance caused by reduced localization. Acoustic standards are being developed and
tested for measuring the effect of hearing protection on localization performance. Approval of test standards
will facilitate localization research.
Research is needed on the capabilities of the various electronic technologies (active noise reduction, output
limiting, speech processing, etc.) currently available in commercial hearing protectors, as is guidance on the
potential benefit of such features in industrial work environments. For example, do workers remain adequately
protected despite potential improvements in audibility? Do the benefits of such devices justify the increased
cost? Will workers efficiently use such technology to their benefit? Integration of electronic technology may
improve the use of hearing protection devices and compliance in industry, but more information is needed
before recommending their use or suggesting that improved audibility may result.
Research is needed to assess innovation processes, start-up incubators, or challenge event effectiveness in
translating research technology into products that protect workers from noise exposure in the workplace.
Researchers must study the integration of smart, connected personal protective equipment to understand how
it might influence and change the performance of workers on the job and enhance safety. Can the integration of
location-aware hearing protection devices help workers avoid accidents or reduce injuries?

Objective 2: Develop effective, evidence-based education designed to improve hearing conservation
program outcomes for exposed workers and management.
Training is an integral part of successful hearing conservation programs. However, worker training has
historically been limited to topics specified by regulatory requirements: effects of noise on hearing, hearing
protection, and the purpose of audiometry. Regulatory requirements do not differentiate training expectations
for the noise-exposed worker and others, who may be involved in conducting training, enforcing hearing
protection use, or managing hearing conservation programs. Often a one-size-fits-all training approach is used,
and the same training is repeatedly given to all employees each year. Limited information is available regarding
the best mode of delivery, and few evidence-based training resources are available. Employers need guidance
on the best methods, content, and/or approaches to maximize their training efforts. Objective 2 addresses
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improving training outcomes and hearing loss prevention effectiveness with the following actions.
•
•
•

2.1.

Apply health behavioral change theory to shape knowledge, attitudes, and behaviors of noise-exposed
workers and their key influencers.
Identify the needs of various population groups, and differentiate training accordingly.
Develop unique tools, resources, or delivery mechanisms to captivate workers, enhance behavior
change, and help them form preventive habits.

Recognize noise exposure hazards.

Knowledge Gaps
Workers who are highly mobile and those whose noise exposures hover around the margins of required hearing
protection use may be more prone to unprotected noise exposures than workers who are stationary or who
remain in consistently high noise levels. Examples of mobile workers with fluctuating exposure include workers
in construction, maintenance, and building services; forklift drivers; law enforcement officers; and those who
work in forestry and agricultural industries. The nature of the work means that employees travel in and out of
areas with different sound levels, perform multiple tasks, use equipment that ranges from quiet to extremely
loud, and can change job tasks from one day to the next. Noise exposures that are close to noise exposure limits
or of short duration pose inherent risk because they might not be perceived as risky or the long-term effects of
overexposure are not realized. Identification of noise exposure hazards is a necessary step toward preventive
area monitoring, task-based exposure assessment, or dosimetry [ANSI/ASSE 2013]. However, associating a noise
measurement with the appropriate protective action is also needed for effective prevention.
Research Needed
•
•
•
•
•

2.2.

Develop and disseminate training tools for mobile workers to understand sources of noise exposure and
how they might limit their exposure through their workday.
Identify effective tactics such as conducting work in quieter environments and increasing distance from
noise sources to decrease exposure level.
Investigate the use of graphics, iconography, one-page information fliers, or trade publications aimed at
workers.
Assess the impact of training on knowledge, attitudes, and behaviors after intervention.
Assess use of task-based noise measurement techniques and how to apply them to enhanced training;
investigate application of an 85-dB SPL as a trigger for intervention.

Study interaction of medical conditions and/or pharmaceuticals with noise exposures.

Knowledge Gaps
The combination of hazardous noise exposure together with certain personal medical conditions, such as
diabetes, hypertension, renal disease, compromised immune systems, or conditions that require use of
pharmaceuticals, can increase the vulnerability of the audio-vestibular system [Themann et al. 2013]. Noiseexposed workers with these conditions may need to take additional protective action for extended durations,
because the increased vulnerability to noise may last long beyond the end of the therapeutic treatment. Such
increased vulnerability has been documented for the chemotherapeutic cisplatin, for example [DeBacker et al.
2017; Gratton et al. 1990]. Workers who are unaware of such a risk may benefit from education on this risk and
how to adequately protect themselves.
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Research Needed
•

Identify key messages to educate workers with various health conditions on susceptibility to hearing loss
and protective actions they can practice.

2.3. Assess communication and work performance in noise (application of electronic solutions,
localization, and speech intelligibility).
Knowledge Gaps
Hazardous and intermittent noise can create challenging conditions for workers who must use their sense of
hearing and be adequately protected from the damaging effects of overexposure to noise. Use of hearing
protection changes how individuals hear sound and may affect how they communicate, detect sound, and
localize the sound source [Hiselius et al. 2015; Giguere et al. 2015]. This is particularly evident when workers use
hearing protection in low levels of sound and for those workers who have hearing impairment. A variety of
hearing protection devices are currently available in the marketplace with features that are intended to enhance
communication and allow situational awareness. Employers and workers may benefit by knowing how to
appropriately select hearing protector technologies to maximize auditory situational awareness, how to assess
the characteristics of the noisy environment beyond quantifying the level or average exposure, and how to
properly use and care for hearing protector devices with advanced features.
Research Needed
•
•
•
•

2.4.

Develop and test effectiveness of training tools to help employers assess noise/chemical hazards and
appropriately match hearing protector features to maximize worker performance.
Assess the impact of educational efforts and compare use of active vs passive hearing protector devices.
Assess employee attitudes and perceptions toward using various hearing protector types as a function
of communication need.
Develop and implement gamification, apps, and mobile devices to determine employee participation
and performance.

Focus on research-to-practice efforts for tinnitus.

Knowledge Gaps
Tinnitus is a common byproduct of overexposure to noise, yet hearing conservation training is often focused on
noise-induced hearing loss [Knipper et al. 2013]. Noise-exposed workers may not associate tinnitus with noise
exposure or be aware that tinnitus may be an early indicator of overexposure to noise. Effective education
addressing tinnitus awareness and prevention could enhance hearing conservation programs.
Research Needed
•
•
•

Determine motivational aspect of prevention of tinnitus vs. noise-induced hearing loss.
Compare differences in training effectiveness between courses that include or don’t include tinnitus
education as a primary topic.
Develop tinnitus simulations that can be used in hearing conservation training, and evaluate
effectiveness.
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2.5.

Improve and promote hearing protector fit testing.

Knowledge Gaps
The practice of including hearing protector fit testing in hearing conservation programs is growing. Fit testing
has been recognized as a best practice by professional organizations and OSHA for a decade
[OSHA/NHCA/NIOSH Alliance 2008]. Recently, OSHA has stated that fit testing can be used to help fulfill portions
of a hearing conservation program’s requirements for initial fit of hearing protection and training [OSHA 2018].
As fit testing gains popularity, employers will need evidence-based practical recommendations on how best to
maximize training outcomes by using fit testing data analysis, skill shaping, selection criterion, and habit
formulation.
Research Needed
•
•
•

2.6.

Evaluate how hearing protector fit testing can change knowledge, attitudes, and behaviors.
Investigate the interval and frequency of fit testing needed to change fitting behaviors.
Develop train-the-trainer materials to enhance the fit testing experience.

Adapt training to various worker groups.

Knowledge Gaps
The diversity of the American workforce has implications on designing training content and delivery to meet the
needs of individual workers and to enable modification of training according to nuances in various population
groups. In addition to applying current adult-education principles, training materials need to be appropriate for
specific occupational groups, ages, language requirements, values, employment status (such as contingent
workers), and more. Educational resources are needed that spark interest and inspire workers to care about
their hearing, teach them protective actions, and carry over the behaviors from places of employment to nonoccupational exposures.
Research Needs
•
•
•
•

Determine how cultural values impact training approaches and delivery modes.
Develop tools to help employers identify population groups and how to modify training to meet their
needs.
Study the factors that influence training effectiveness and suggest prioritization.
Identify messages to prompt protective action for contingent workers.

Objective 3: Develop, commercialize, and widely implement noise control solutions on jobsites in
key industries.
3.1.

Assess feasibility of developing and commercializing low-cost noise control solutions.

Knowledge Gaps
Noise exposures across industrial sectors often can be mitigated through the application of simple strategies.
According to Franks [1988], approximately 90% of industrial noise exposures have time-weighted averages
below approximately 95 dB(A), which means that noise controls that reduce exposures by 10 dB or more can
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significantly reduce the exposures and therefore the risk of incurring a noise-induced hearing loss.
The NIOSH Buy Quiet initiative has provided some information on how manufacturers can implement Buy Quiet
programs. The Buy Quiet initiative encourages wider use of noise controls and quieter equipment in specific
occupational settings. In order to be most effective, increasing the market demand for use of quieter equipment
is essential. In addition, NIOSH has collaborated with large multinational mining equipment manufacturers to
produce and install noise controls to several types of mining equipment.
Many noise-exposed workers are dependent on their employers to obtain, purchase, install, or otherwise
provide occupational noise control solutions. Workers may be unaware of changes they can make on their own
(changing work location, assuring proper machine maintenance, etc.), or unmotivated to modify their daily tasks
to reduce their noise exposure and subsequent potential for noise-induced hearing loss. When minority workers
lack language proficiency or literacy, they might be disinclined to seek solutions to reduce noise. If the company
or managers do not initiate change or provide the necessary products, then the workers continue to suffer from
occupational noise exposure. Practical and effective noise control solutions need to be developed that can be
easily implemented by the workers. Having quieter machinery and equipment commercially available will
facilitate greater application of workplace solutions. Providing easy-to-access solutions and hearing loss
prevention education to these workers will increase their self-efficacious behavior toward reducing their noise
exposure.
Retrofit noise controls can be efficacious and cost effective. NIOSH has worked with manufacturers of mining
equipment to develop and test aftermarket noise controls for drills, cutting machines, and engines for various
types of mining machines. In addition, the efficacy of quieter-by-design equipment is evident through improved
maintenance, less chance of “forgetting” to re-apply a specific noise control, and overall ownership of quieter
equipment by the company, not on aftermarket parts. When manufacturers choose to develop quieter versions
of equipment, the feasibility of reducing workplace noise and noise exposure greatly improves.
Research Needs
•

•
•
•

•

•

Develop a series of business cases highlighting the cost advantage and/or return on investment of
specific noise controls. These cases can be based on existing solutions applied in known industries or
developed from surveillance and market data currently available.
Identify and catalog noise control solutions that have been successful, on the basis of input from
companies across industrial sectors.
Develop a Noise Control Decision Tool for end users to have a greater understanding of noise control
availability and potential application to their specific noise problem.
Empower workers to initiate change for improved health and safety relative to hearing loss prevention
and occupational noise exposure. This can be achieved through training and educational seminars to
improve knowledge of noise, hearing loss, basic regulations, and noise control. In addition, training on
the administration and required elements of hearing conservation programs would increase workers’
knowledge and ability to protect their hearing.
Identify equipment and tools likely to have an impact through quieter design. For example, with
additional modifications, those due for redesign or rebranding could also feature improvements in the
level of noise exposure for operators.
Identify organizations, manufacturers, etc., who currently use quieter versions of equipment and work
with them to determine mechanisms for sale and purchase of quiet machines. For instance, some
countries and larger cities have specific regulations requiring the use of quieter equipment. These
examples may provide guidance for U.S. consumers to pursue this type of equipment. Explore ways to
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•
•

•

transfer that technology so it is more widely available.
Work with various trade and labor organizations to include language in collective bargaining agreements
regarding noise standards, noise exposure, and Buy Quiet for employees.
Develop, design, and promote quiet methodology for large industrial equipment. This initiative will
develop methods and procedures for designing quieter equipment through targeted changes to specific
components of the machine. The modification should not negatively impact production. This will
eliminate the need for aftermarket noise controls for some types of equipment, in turn easing the
burden of the employer and employee relative to hearing loss prevention practices.
Identify additional machines/tools/equipment that lead to noise overexposure of operators (and those
in the vicinity) for potential noise control development. Surveillance data and guided stakeholder input
show that it is necessary to continue to quiet existing machinery through aftermarket noise control
solutions. Working in cooperation with manufacturers of these machines as well as end users will be key
for ensuring that potential solutions are viable for production and will be implemented at work sites.

3.2. Evaluate the dissemination and effectiveness of practical engineering noise-control solutions for
workers exposed to occupational noise.
Knowledge Gaps
Noise exposures are caused by a wide range of sources, including vehicle traffic, hand tools, large machinery,
heavy equipment, generators, and myriad other types of equipment. Many workers are exposed to impulse or
impact noise and hazardous noise levels. A variety of noise control solutions currently are available for certain
tasks and industries, but more developmental work is needed to see if the solutions are effective or if they are
economically viable. Noise controls have been developed and are successfully used by original equipment
manufacturers, researchers, academics, and others. These controls range in complexity for installation, use, and
maintenance, as well as in the overall cost to the user.
What does not exist is an easy to use and understandable method to evaluate the effectiveness of these
controls under real-life working conditions. Although we can assume that some metric of effectiveness was
obtained under laboratory or other developmental conditions, the degree to which field testing is completed
varies. It is important that purchasers of machinery understand this aspect of machine use and work with
original equipment manufacturers toward potential solutions to prevent greater environmental noise exposure
than expected for that machinery. Furthermore, it is not enough to know that a control has simply reduced
some factor of noise. For a true effectiveness evaluation, it is necessary to determine how that noise reduction
impacts actual workers in the area and their overall noise exposure. Despite the breadth of noise controls
currently on the market or in use by industry, many more workers could benefit from noise reduction on
additional machines.
Research Needs
•

•

Develop and disseminate a series of guidelines on working in noise and how to reduce noise exposure,
based on location and type of activity. For example, workers can move away from loud areas to conduct
tasks that do not need to be performed in that specific area.
Improve communication with manufacturers and others to install noise controls on equipment. For
example, work with manufacturers of specific machinery to create and install quieter versions or
additional parts to quiet existing machinery to acceptable levels (below 85 dB SPL). This will take a
significant initiative to find interested manufacturers, as well as a degree of engineering knowledge to
provide feasible suggestions and design input.
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•

Investigate the effectiveness of methods to inform purchasers regarding the availability of quieter
equipment.

Objective 4: Develop audiological tests for hearing loss prevention.
4.1.

Develop objective mechanisms for early detection of noise-induced hearing loss.

Knowledge Gaps
Although the pure-tone audiogram remains the gold-standard test of hearing ability, it has long been recognized
that persons with similar pure-tone audiometric results can have very different functional hearing ability.
Hearing loss can be divided into two types: a loss of “acuity,” which primarily involves a reduction in sensitivity
that can be compensated by increasing the volume of signals; and a loss of “clarity,” which involves a distortion
of signals that cannot be corrected by amplification. Although the two types of hearing disability have been
understood for decades, the physiology underlying them has not.
Recent research has found that substantial, irreversible auditory damage can occur at the synapse between
auditory neurons and cochlear hair cells [Kujawa and Liberman 2006; for review, see Liberman and Kujawa
2017]. This damage—termed synaptopathy—has been defined as a “hidden” hearing loss, on the basis of the
suggestion that this neural pathology results in a functional deficit that is not evident on the pure-tone
audiogram. The degradation in auditory neural processing is hypothesized to include deficits in processing
speech in noisy backgrounds, and such a pathology could explain the range of functional impairment across
similar audiograms. It could also explain the many individuals who report some level of hearing trouble but have
no measurable hearing loss on pure-tone audiometry.
The discovery of synaptic damage at the cochlear neurons has led to a flurry of research in search of a clinical
test to identify this damage. Several tests have shown some promise, including certain measures from the
auditory brainstem response [Bramhall et al. 2017; Valderrama et al. 2018], the frequency following response
[Plack et al. 2016], and electrocochleography [Liberman et al. 2016]. However, the results have been mixed
across studies, with others finding no difference in auditory brainstem response [Prendergast et al. 2017a;
Fulbright et al. 2017] or the envelope following response [Grose et al. 2017] as a function of noise exposure
history. Some of these differences are likely related to differences in the specific noise–exposed population
studies. A major issue is that at this point, it is unknown how common these noise-induced deficits are in evoked
potential amplitude, latency, or morphology (that is, hidden hearing loss) within the general population.
Documentation of the incidence of abnormal evoked potentials (hidden hearing loss) in the “non-exposed”
population would allow evidence-based recommendations that incorporate the attributable risk of developing
hidden hearing loss due to daily non-occupational activities as well as the attributable risk associated with
occupational noise exposure. To more completely characterize the prevalence of hidden hearing loss in the U.S.
population, as well as any associations between these functional deficits and potential risk factors for auditory
dysfunction, one would ideally consider inclusion of evoked potential assessments in the rolling NHANES
assessments. A major challenge is that even if one or more such tests proves to be a reliable biomarker, none of
these tests are suitable for implementation by health technicians in a survey environment.
Speech-in-noise test performance also has been proposed as a sensitive measure of synaptopathic damage
[Liberman et al. 2016], although it is possible that outer hair cell (OHC) deficits may also influence speech-innoise test performance [Hoben et al. 2017]. Recognizing speech in the presence of background noise challenges
the auditory system and has been used for years as a method of distinguishing between hearing losses that
involve only acuity and those that involve clarity. Speech-in-noise testing is noninvasive and easy to administer.
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Relationships between speech-in-noise deficits, noise exposure history, and evoked potential amplitude were
not detected in a recent study using a self-reported “lifetime noise” metric [Guest et al. 2018]; in contrast,
hypothesized relationships were supported in the study by Valderrama et al. [2018]. To more completely
characterize the prevalence of speech-in-noise deficits in the U.S. population, as well as any associations
between these functional deficits and potential risk factors for auditory dysfunction, larger samples will be
necessary.
Research Needs
•
•
•

•

•

4.2.

Characterize synaptopathy (hidden hearing loss) in the general population and in diverse noise-exposed
populations, including workers exposed to occupational noise.
Determine whether identification of synaptopathy provides earlier identification of noise injury and the
subsequently increased risk of noise-induced hearing loss.
Determine whether results of synaptopathy are driven by or highly correlated to OHC damage, including
preclinical (not yet pathological) decreases in Distortion Product Otoacoustic Emissions (DPOAE)
amplitude.
Determine the sensitivity/specificity of objective tests that can be realistically administered as part of a
hearing protection program for identifying changes in hearing function (hidden or otherwise) in a noiseexposed population.
Determine the suitability of Speech-in-noise tests NHANES assessments.

Conduct speech-in-noise testing.

Knowledge Gaps
As Liberman and colleagues explain [2016], one hypothesis for the insensitivity of pure-tone audiometry to
cochlear synaptopathy is that data from the guinea pig model suggest that the neurons most susceptible to
damage are those with higher thresholds and lower spontaneous discharge rates [based on Furman et al. 2013].
These neurons are not necessary for detection of low-level signals in quiet environments, but they are essential
for decoding signals when high levels of background noise overwhelm the response of more sensitive neurons
with high spontaneous discharge rates. If synaptopathy is biased toward low spontaneous rate nerve fibers in
humans as in guinea pigs, then pure-tone threshold testing cannot evaluate the response of neurons most at risk
for synaptic damage. However, speech-in-noise tests could provide a sensitive metric, because understanding
speech in noise requires the normal function of these susceptible nerve fibers for detection of the speech signal
in the presence of a constant masker. In addition to the biologic plausibility of speech-in-noise testing as a
marker of cochlear synaptopathy, evaluation of speech intelligibility in background noise possesses face validity;
spoken language is among the most common auditory signals, and human communication frequently takes
place in the presence of competing signals [Zecker et al. 2013; White-Schwoch et al. 2015]. Findings have been
conflicting, with some showing associations between noise exposure and speech-in-noise deficits [Liberman et
al. 2016] and others finding no statistically reliable relations [Prendergast et al. 2017b; Grinn et al. 2017; Yeend
et al. 2017; Grose et al. 2017]. Thus, additional research is needed. Potential factors that may influence the
observation of deficits include the difficulty of the task, with deficits emerging in only the most difficult tasks,
and the level of exposure among the specific population, with more highly exposed populations being more at
risk for deficits.
Research Needs
•
•

Evaluate the relationship between noise-exposure history and understanding speech in noise.
Evaluate whether a speech-in-noise test would provide earlier identification of noise injury and
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subsequently increase the risk of noise-induced hearing loss.

4.3. Develop research goals for the understanding of how hidden hearing loss might lead to early
identification of noise-induced hearing loss.
Knowledge Gaps
To date, the majority of data directly assessing hidden hearing loss come from animal models in which acute
exposures are used to induce an immediate, permanent pathology. Synaptopathy has been observed across a
variety of diverse animal models, including mice (100 dB SPL octave band noise x 2 hours [Kujawa and Liberman
2009; Fernandez et al. 2015]), guinea pigs (106 dB SPL octave band noise x 2 hours [Lin et al. 2011; Furman et al.
2013]), rats (109 dB SPL octave band noise x 2 hours [Lobarinas et al. 2017]), and nonhuman primates (108 dB
SPL narrow band noise x 4 hours [Valero et al. 2017]). High-level firearm discharge might be expected to result in
such immediate injuries, and indeed Bramhall et al. [2017] have detected decreases in auditory brainstem
response (ABR) wave I amplitude that are consistent with firearm-induced neural pathology. Other human
populations are more likely to be exposed to noise that is less hazardous within a single day but may have an
accumulating hazard over time. As discussed by Dobie and Humes [2017], additional research is needed. Until
the appropriate research studies have been performed to assess the potential for synaptopathy-like deficits in
both the general population and noise-exposed workers, it is premature to infer whether workers have greater
risk than the general population.
Because synaptic damage at the inner hair cell connection to the auditory neurons appears to be the earliest site
of noise-induced morphologic damage, the identification of reliable biomarkers for hidden synaptic injury would
provide a useful tool in early identification of the earliest effects of noise on hearing. As discussed above,
speech-in-noise testing may be a logistically easier test to implement. However, the deficits identified by
Liberman et al. [2016] were detected with a very difficult customized test in which NU-6 words were timecompressed and reverberated to increase the difficulty of the task. In addition, deficits were identified in
participants with threshold deficits within the extended high-frequency range, including 10,000 Hz and above.
Thus, it is possible that significant OHC injury had occurred in the basal cochlea, in which case the deficits may
have been related to OHC loss rather than any suggested synaptopathy.
Consistent with this possibility, Bramhall et al. [2015] reported that speech-in-noise deficits were associated
with ABR wave I amplitude, but only in the presence of overt hearing loss that occurred with OHC loss. If speechin-noise deficits are related to OHC loss in the high-frequency regions of the cochlea, it may be that extended
high-frequency tests would provide a compelling test with respect to early identification. Taken together,
speech-in-noise deficits may well be one of the earliest consequences of noise injury and could perhaps serve as
a marker for early identification of deficits, but it is not yet completely clear whether such speech-in-noise
deficits are driven by synaptopathy, OHC loss in the basal turn (as inferred from extended high-frequency
hearing loss), or a mixed pathology that includes both OHC and neural injury. On the basis of the comprehensive
literature review by Hickox et al. [2017], it appears that a mixed pathology is highly likely. Human
epidemiological research, such as the NHANES, provides an opportunity to determine whether speech deficits
are reliably associated with noise-exposure history. Basic scientific investigations with laboratory animal subjects
will be necessary for precise attribution of any measured functional differences to a specific pathological profile.
Research Needs
•
•

Determine whether noise-exposed workers are at higher risk for synaptopathy (hidden hearing loss)
than the general population.
Investigate the underlying mechanism for hearing-in-noise deficits, which may include synaptopathy,
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OHC loss in the basal turn of the cochlea, or a mixed pathology. This will require an animal model.

4.4.

Develop an acoustic standard for assessment of otoacoustic emissions for hearing loss.

Knowledge Gaps
As noted in several places throughout this document, the OHCs are vulnerable to noise injury. Changes in DPOAE
amplitude have been observed in a number of populations exposed to occupational noise [Seixas et al. 2004;
Korres et al. 2009; Seixas et al. 2012; Boger et al. 2017]. DPOAE tests do not assess hearing per se; instead, they
provide a sensitive and objective measure of OHC function and thus are highly sensitive to noise-induced OHC
injury. Because OHCs are not influenced by the status of the inner hair cells, the auditory nerve, or the ascending
central projection, individuals can have normal DPOAEs but still have auditory deficits. Normal DPOAE results
serve only to confirm the integrity of the middle ear conduction process and the presence of the OHC active
response. The primary utility of DPOAEs in monitoring for the effects of noise is likely in the early phases of
injury, when DPOAEs may be reduced in amplitude rather than absent. Deficits in DPOAE amplitude, prior to
threshold shift, may provide an early warning of preclinical damage and increased vulnerability for hearing loss
[Lapsley Miller et al. 2006; Lapsley Miller and Marshall 2007; Job et al. 2009]. When DPOAEs are absent (despite
normal tympanic membrane and middle ear function), hearing loss is expected on the order of 40 dB or more, as
the OHC active process provides about 40 dB of gain in sensitivity.
Research Needs
•
•

•

4.5.

Determine the ideal test characteristics of otoacoustic emissions (OAEs) to identify hearing loss in a
noise-exposed population, for the purpose of early identification.
Evaluate the sensitivity/specificity of using OAEs across a traditional frequency range (up to 8000 Hz)
and an extended frequency range (>10,000 Hz) for identifying noise-induced hearing loss at its earliest
stages.
Evaluate the utility of using OAEs in an ongoing hearing screening program, given the limitations of OAEs
once cochlear hearing loss is greater than 35–40 dB.

Develop an acoustic standard for extended high-frequency audiometry.

Knowledge Gaps
As noted above, extended high-frequency audiometry (tests at 10,000 Hz and above) may provide a compelling
tool for early identification of noise injury. Some evidence does show changes in high-frequency thresholds as a
function of occupational noise exposure [Hallmo et al. 1995; Korres et al. 2008; Riga et al. 2010; Mehrparvar et
al. 2014]. High-frequency hearing tests also have been used in assessments of the effects of recreational music
player use [Le Prell et al. 2013; Sulaiman et al. 2015; Kumar et al. 2017], concert attendance [Grose et al. 2017],
and lifetime noise exposure [Prendergast et al. 2017a, 2017b; Yeend et al. 2017]. One of the challenges with
respect to this measure is that although group comparisons may reveal differences of 10 dB, both control and
exposure groups have thresholds that are within the normal range. One possibility is that these measures may
have more utility for longitudinal use, with the potential for revealing decline over time, although interpretation
could be confounded by the well-known age-related decreases in high-frequency hearing, even in the absence
of occupational noise exposure and any associated noise injury [see Rodríguez Valiente et al. 2014; Jilek et al.
2014].
Research Needs
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•
•

Evaluate the sensitivity/specificity of using an extended frequency range (>10,000 Hz) for identifying
noise-induced hearing loss at its earliest stages.
Evaluate the utility of using extended high-frequency audiometry in an ongoing hearing screening
program, given the early development and progression of high-frequency hearing loss as a function of
aging.

4.6. Develop recommendations for inclusion of these methods into occupational hearing loss
prevention programs.
Knowledge Gaps
Clinical equipment for obtaining otoacoustic emissions, including highly portable versions, is routinely available.
Audiologists supervising hearing loss–prevention programs will be skilled in the administration and
interpretation of the test and its outcomes as a function of their clinical training. Otolaryngologists and other
physicians supervising these programs can be readily educated on these clinical tools if they are not already
familiar with the technical aspects of device operation. The relatively more major challenge will be the training
of technicians to inspect the ear canal (otoscopy), select an appropriately sized tip, and determine whether the
ear canal is clear and the DPOAE probe tip can be safely inserted. When the ear canal is obstructed with
cerumen or other debris, insertion of the probe tip is not safe because this could contribute to cerumen
impaction.
An additional consideration will be the increased expense of the testing. Although disposable probe tips are
inexpensive, the cost across tests will not be insignificant. If the tests are incorporated into hearing loss
prevention monitoring programs, a suggested range for monitoring would ideally include F2 frequencies of 1, 2,
3, 4, 6, 8, 10, and 12 kHz, because high-frequency DPOAE equipment has recently become commercially
available and high-frequency deficits appear to be the first to emerge. Evidence-based best practice guidance
will improve as new studies incorporating high-frequency DPOAE tests begin to emerge. A minimally acceptable
test battery would include F2 frequencies of 1, 2, 3, 4, and 6 kHz, to parallel the frequencies at which threshold
monitoring is required. Suggested test levels might include F1 levels at 55 dB SPL and F2 levels at 45 dB SPL,
because some data from young adults suggest that temporary noise-induced deficits may be less evident at
higher sound levels [Le Prell et al 2012]. The use of low to moderate stimulus levels for detection of noise injury
has also been advocated, by Lapsley Miller et al. [2006]. To increase confidence in these preliminary
recommendations, data would be collected from large populations of workers to determine the reliability and
repeatability of DPOAE responses at different frequencies and sound levels.
Speech-in-noise testing will be more difficult to incorporate as a required test metric within occupational
audiometric monitoring programs. Although some newer audiometers have built-in word-in-noise test options,
the only way to conduct these tests with older equipment is to use word lists loaded on a CD player, with the
words fed into the audiometer via an auxiliary input jack. Specific calibration instructions are typically provided,
so that the output level is correctly set. At this time, multiple research teams are using multiple tests, with
options including QuickSin, HINT, WIN, SPRINT, digits in noise, and other custom experimenter-derived tests [for
review see Le Prell and Brungart 2016]. There is no consensus on a best test, and best practices have not yet
been established, other than broad recommendations that speech-in-noise tests be completed. Difficulty with
understanding speech in noisy backgrounds is one of the most common patient complaints, even for those
patients with no overt hearing loss.
Research Needs
•

Determine realistic equipment needs for proposed tests to be included in a large hearing screening
20

•
•
•

4.7.

program.
Determine the training needed for proposed tests to be included in a large hearing screening program
provided by technicians.
Determine significant change criteria based on documented test-retest reliability.
Determine expected age-related changes in the general population to enable estimation of excess risk
and to facilitate interpretation of relatedness.

Assess the tools.

Knowledge Gaps
Longitudinal research is needed relating to changes in DPOAE amplitude, speech-in-noise scores, extended highfrequency hearing, and traditional threshold-based shifts in the conventional test range to noise exposure in the
workplace. Careful survey techniques will be necessary in order to understand interactions with hearing
protection device use and non-occupational exposure. To the greatest extent possible, research batteries should
include multiple DPOAE test levels and multiple speech-in-noise tests, to facilitate evidence-based selection of
best practice protocols in the future.
Research Needs
•

4.8.

Research must include multiple DPOAE test levels/frequencies and multiple speech-in-noise tests to
facilitate evidence-based selection of best practice protocols.

Evaluate mobile technologies.

Knowledge Gaps
A variety of smartphone-based/tablet-based hearing assessment methods are emerging, with some systems
available as research tools and others commercially available as clinical devices subsequent to Federal Drug
Administration device review and approval [Meinke et al. 2017]. These highly mobile test systems can be
logistically more feasible to use for administering audiometric tests, and they may be more cost-effective than
traditional methods of pure-tone audiometry. Several of the commercially available products have been
clinically validated and perform well for screening and surveillance purposes. Some of these have the capability
to examine extended high-frequency thresholds and to perform speech-in-noise testing. This could potentially
enable earlier detection of hearing difficulty and, if administered longitudinally, could detect change in hearing
at earlier stages. One potential NORA priority could be to encourage the use of clinically validated emerging
technologies to obtain longitudinal measurements of hearing in large populations.
Research Needs
•

Evaluate mobile technologies that might provide mechanisms for longitudinal measurements of hearing
in large populations.

Objective 5: Improve occupational hearing loss surveillance.
Knowledge Gaps
Surveillance of occupational hearing loss and related health conditions, exposures, and protections among U.S.
workers is an ongoing need and must be improved. Surveillance includes monitoring the burdens and trends
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within industries and occupations to identify high-risk groups, hazards, and worker protections, to guide
prevention and research priorities, and to evaluate progress in hearing loss–prevention efforts. Current
mechanisms for collecting surveillance data need expansion, and new sources need to be identified to include
additional worker populations, exposures, outcomes, and protections.
Below are some examples of existing surveillance data systems that have included information related to
occupational hearing loss in the U.S. All have strengths and limitations.
•

•

•

•

The Bureau of Labor Statistics (BLS) collects incidence counts through the Survey of Occupational Injuries
and Illnesses [BLS 2018]. It is based on a reasonably representative sample of workplace OSHA 300 Logs,
with entries for “Standard Threshold Shift” (STS). These statistics are useful for monitoring general trends in
incidence across industries. However, the only level of hearing loss reported is one that meets the OSHA
definition of a “recordable” STS, which requires a substantial amount of hearing loss (briefly, a 10-dB or
greater increase in the average of the 2000-, 3000-, and 4000-Hz threshold values, in either ear, from the
baseline audiogram to the current audiogram, with an optional age correction; and the uncorrected average
must be 25 dB or greater and the loss must be work-related) (29 C.F.R. pt. 1910.95; 29 C.F.R. pt. 1904.10).
These statistics likely underestimate rates of hearing loss by as much as an order of magnitude, because of
exclusion of certain types of employers, economic disincentives to reporting, and the level of hearing loss
required before a loss is reported [Hager 2006].
The NHANES is a cross-sectional in-person population survey conducted by Centers for Disease Control and
Prevention (CDC) [NCHS 2018a]. NHANES was designed to assess the health and nutritional status of adults
and children in the United States. It is a representative sample of the non-institutionalized U.S. population
and includes information on many relevant factors, including self-reported noise exposure and use of
hearing protection. In addition to several medical tests, NHANES collects audiometric data on the
respondents in a carefully controlled environment with trained technicians. The hearing-related and
occupational noise exposure questions have been adjusted over time, and most questions are not offered
every year. Audiometric data and other health-related data are collected for workers and non-workers. The
sample sizes and age ranges surveyed vary by year and are limited such that most industry and occupation
analyses cannot be performed.
The National Health Interview Survey (NHIS) is a cross-sectional in-person population survey designed to
monitor the health of the nation and is conducted by the CDC [NCHS 2018b]. In contrast to NHANES which
includes both self-reported and clinical data, NHIS includes on self-reported data. NHIS is a representative
sample of the non-institutionalized U.S. population and includes information on many relevant factors,
including self-reported noise exposure and tinnitus, depending on survey year. The hearing-related and
occupational noise exposure questions have been adjusted over time, and most questions are not offered
every year. All of the information is self-reported. Self-reports of hearing loss may sometimes underestimate
the prevalence of those with hearing loss, especially when the hearing loss is mild or primarily high
frequency [Nondahl et al. 1998; Sindhusake et al. 2001; Valete-Rosalino and Rozenfeld 2005]. However, selfreporting is necessary for the identification of tinnitus. It is also useful, cost-effective, and often the most
feasible option for surveilling large populations.
The NIOSH Occupational Hearing Loss Surveillance Project partners with audiometric service providers and
others who test worker hearing, to collect de-identified audiograms and limited demographic data for noiseexposed workers [Masterson et al. 2013; NIOSH 2018]. The partners are a convenience sample and the data
may not be representative of all noise-exposed workers. These data are longitudinal and NIOSH has
collected millions of de-identified audiograms from thousands of U.S. workplaces, allowing for detailed
industry analyses. Industry is coded for each audiogram, but occupation is not available for most audiograms
and no exposure information is available. The Project also has collected United States Air Force audiograms
for noise-exposed workers (identified below). These data are longitudinal and contain occupation
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•

information.
Although the activities do not constitute a surveillance system, public and private entities collect and
maintain the audiometric records for their workers who were tested to comply with regulatory
requirements due to occupational noise exposure. These data are not publicly available and can be accessed
only by public health authorities, through individual data use agreements and memorandums of
understanding. For example, the Department of Defense (DOD) maintains the audiometric records of its
workers in the Defense Occupational and Environmental Health Readiness System–Hearing Conservation
(DOEHRS-HC) Database.

There is only limited systematic collection of noise measurement data, namely during regulatory inspections.
Access to this information is limited and is not a representative sample of exposures for any particular industry,
occupation, or region. There is no systematic collection of data on worker chemical exposures, particularly
ototoxic chemical exposures. Not all ototoxic chemicals have been identified, and there is no requirement for
audiometric testing, record keeping, or hearing conservation activities based on ototoxic chemical exposure.
There is only limited systematic collection of data regarding the use of hearing protection (in NHANES), and
there is no systematic collection of the types of worker protections employed (such as earmuffs, earplugs,
engineering controls, and administrative controls). There is also no systematic collection or basic surveillance of
the effectiveness, costs, or cost-benefits of the different types of worker protections.
Research Needs

5.1. Improve exposure surveillance, including measuring and monitoring worker noise and ototoxic
chemical exposures and the use, effectiveness, and cost of worker protections, while preserving and
improving the quality of the data collection.
5.1.1.
Using existing data sources, analyze noise and ototoxic chemical exposure data and data
regarding the use, effectiveness, and costs of personal protective equipment, engineering controls,
and other worker protections. These are examples of potential analyses from some known sources;
they do not preclude other analyses from these or other surveillance data sources.
•
•

•

•

Analyze noise exposure data from the OSHA Integrated Management Information System (IMIS) to
identify high-risk industries.
Analyze noise exposure data from the DOD DOEHRS–Industrial Hygiene (IH) Database (in concert with
data from the DOEHRS-HC Database) to identify high-risk military career categories and civilian
occupations.
Analyze ototoxic chemical exposure data from the DOD DOEHRS-IH Database (in concert with data from
the DOEHRS-HC Database) to identify high-risk military career categories and civilian occupations and to
identify chemicals that increase the risk of hearing loss and related health conditions.
Analyze self-reported noise exposure data from the NHIS and NHANES; this includes using NHANES data
to examine trends in the use of hearing protection.

5.1.2.
Collect new surveillance data and improve existing surveillance systems to capture noise
and ototoxic chemical exposure data, as well as data regarding the use, effectiveness, and costs of
different worker protections. Below are examples of potential surveillance efforts using some
existing or new data sources; these do not preclude any other relevant surveillance efforts.
•

Perform targeted surveillance of noise and ototoxic chemical exposures within the railroad, mining,
services, healthcare, construction, and manufacturing industries/sectors.
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•

•

•
•
•

•

Perform targeted surveillance of noise and ototoxic chemical exposures within worker populations with
limited available research and/or regulatory protections, such as workers in small construction firms,
landscaping companies, restaurants, bars, sports arenas and complexes, music venues, and within public
service.
Perform targeted surveillance of the use, effectiveness, costs, and cost-benefits of different worker
protections (including engineering controls, administrative controls, and personal protective equipment)
within the railroad, mining, services, healthcare, construction, and manufacturing industries/sectors.
Continue the NIOSH Occupational Hearing Loss Surveillance Project collection of USAF DOEHRS-HC and
DOEHRS-IH data for analysis.
Continue/add supplemental questions regarding noise exposure, ototoxic chemical exposures, and
hearing protection to NHANES and NHIS, allowing for analysis of trends in worker exposures over time.
Assess the feasibility and potential benefits, if any, of adding supplemental questions regarding worker
noise exposure, ototoxic chemical exposures, and hearing protection to the Behavioral Risk Factor
Surveillance System (BRFSS).
Develop new surveillance systems for, and identify new sources of, noise exposure, ototoxic chemical
exposure, and worker protections data. Longitudinal data systems and sources are particularly useful for
effective surveillance and are needed.

5.2. Improve outcome surveillance, including measuring worker hearing loss, tinnitus, and related
health outcomes, while preserving and improving the quality of the data collection.
5.2.1.
Using existing data sources, analyze data on worker hearing, cardiovascular health,
mental health, and other related health conditions. Below are examples of potential analyses from
some known sources; they do not preclude other analyses from these or other surveillance data
sources.
•
•
•
•

•
•

Analyze audiometric data collected from the DOD DOEHRS-HC Database for military and civilian workers
to estimate the prevalence of hearing loss among military career categories and civilian occupations.
Perform both cross-sectional and longitudinal analyses of the audiometric data from the NIOSH
Occupational Hearing Loss Surveillance Project.
Analyze self-reported data on worker hearing, tinnitus, cardiovascular conditions, mental health, and
other related health conditions (for example, using data from the NHIS and NHANES).
Analyze National Council on Compensation Insurance (NCCI) data to estimate the overall annual cost of
workers’ compensation for hearing loss and, as available, tinnitus and other related health outcomes in
the U.S., and to assess by industry classification grouping.
Analyze state workers’ compensation data to estimate costs related to hearing loss claims and identify
high-risk groups.
Analyze trends in BLS hearing loss incidence statistics.

5.2.2.
Collect new surveillance data and improve existing surveillance systems to capture data
on worker hearing, cardiovascular health, mental health, and other related health conditions. Below
are examples of potential surveillance efforts using some existing or new data sources; these do not
preclude any other relevant surveillance efforts.
•

Expand data collection for the NIOSH Occupational Hearing Loss Surveillance Project to recruit
additional data providers and, as feasible, focus recruitment efforts to target data providers who service
industries with limited representation in the NIOSH Occupational Hearing Loss Surveillance Project
Dataset (for example, railroads and mining).
24

•
•

•
•

•

Continue the NIOSH Occupational Hearing Loss Surveillance Project collection of USAF DOEHRS-HC and
DOEHRS-IH data for analysis.
Continue/add supplemental questions regarding hearing, cardiovascular health, and mental health to
NHANES and NHIS, including collecting audiometric data, allowing for the analysis of trends in worker
outcomes over time.
Assess the feasibility and potential benefits, if any, of adding supplemental questions regarding worker
hearing to the BRFSS.
Develop new surveillance systems and identify new sources for data on worker hearing, tinnitus,
cardiovascular health, mental health, and other related health conditions. Longitudinal data systems and
sources are particularly useful for effective surveillance and are needed.
Perform targeted surveillance of worker hearing, cardiovascular health, mental health, and related
health outcomes within worker populations with limited available research and/or regulatory
protections, such as workers in small construction firms, landscaping companies, restaurants, bars,
sports arenas and complexes, music venues, and within public service.

25

APPENDICES
Bibliography
ANSI/ASSE [2013]. Hearing loss prevention for construction and demolition workers. ANSI/ASSE A10.46 – 2013.
Des Plaines, IA: American Society of Safety Engineers.
Boger ME, Sampaio ALL, Oliveira C [2017]. Analysis of hearing and tinnitus in workers exposed to occupational
noise. Int Tinnitus J 20(2):88–92, doi:10.5935/0946-5448.20160017.
Bramhall N, Ong B, Ko J, Parker M [2015]. Speech perception ability in noise is correlated with auditory
brainstem response Wave I amplitude. J Am Acad Audiol 26(5):509–517, doi:10.3766/jaaa.14100.
Bramhall NF, Konrad-Martin D, McMillan GP, Griest SE [2017]. Auditory brainstem response altered in humans
with noise exposure despite normal outer hair cell function. Ear Hearing 38(1):e1–e12.
Brueck SE, Kardous CA, Oza A, Murphy WJ [2014]. Measurement of exposure to impulsive noise at indoor and
outdoor firing ranges during tactical training exercises. Health Hazard Evaluation Report #2013-0124-3208.
Cincinnati, OH: U.S. Department of Health and Human Services, Centers for Disease Control and Prevention,
National Institute for Occupational Safety and Health, https://www.cdc.gov/niosh/hhe/reports/pdfs/20130124-3208.pdf.
BLS [2018]. Injuries, illnesses, and fatalities. Washington, DC: Bureau of Labor Statistics,
https://www.bls.gov/iif/.
Cantley LF, Galusha D, Cullen MR, Dixon-Ernst C, Rabinowitz PM, Neitzel RL [2015]. Association between
ambient noise exposure, hearing acuity, and risk of acute occupational injury. Scand J Work Environ Health
41(1):75–83, doi:10.5271/sjweh.3450.
Davis RI, Qiu W, Zhao Y, Tao L. [2012]. The use of the kurtosis metric in the evaluation of occupational hearing
loss in workers in China: implications for hearing. Noise Health 61(14):330–342.
DeBacker JR, Harrison RT, Bielefeld EC [2017]. Long-term synergistic interaction of cisplatin- and noise-induced
hearing losses. Ear Hear 38(3):282–291.
Dobie RA, Humes LE [2017]. Commentary on the regulatory implications of noise-induced cochlear neuropathy.
Int J Audiol 56(Suppl 1):74–78, doi:10.1080/14992027.2016.1255359.
Fechter L [2004]. Promotion of noise-induced hearing loss by chemical contaminants. J Toxicol Environ Health
Part A 67(8):727–740.
Fernandez KA, Jeffers PW, Lall K, Liberman MC, Kujawa SG [2015]. Aging after noise exposure: acceleration of
cochlear synaptopathy in "recovered" ears. J Neurosci 35(19):7509–7520, doi:10.1523/jneurosci.513814.2015.
Flamme GA, Deiters KK [2018]. Executive summary of NIOSH age correction table analyses for the NHCA Task
Force. Personal communication, Feb 14, 2018.
Franks JR [1988]. Number of workers exposed to occupational noise. Semin Hearing 9(4):287–298.
Fuente A, McPherson B [2009]. Organic solvents and hearing loss: the challenge for audiology. Int J Audiol
45(7):367–381.
26

Fulbright ANC, Le Prell CG, Griffiths SK, Lobarinas E [2017]. Effects of recreational noise on threshold and suprathreshold measures of auditory function. Semin Hear 38(4):298–318, doi:10.1055/s-0037-1606325.
Furman AC, Kujawa SG, Liberman MC [2013]. Noise-induced cochlear neuropathy is selective for fibers with low
spontaneous rates. J Neurophysiol 110(3):577–586, doi:10.1152/jn.00164.2013.
Giguere C, Laroche C, Vaillancourt V [2015]. The interaction of hearing loss and level-dependent hearing
protection on speech recognition in noise. Int J Audiol 54(Suppl 1):S9–S18.
Gjestland T, Kvaløy O, Tronstad TV, Melvær A [2016]. Active hearing protection device provides unique
possibilities for hearing research. Society of Petroleum Engineers, https://10.2118/179336-MS.
Goley GS, Song WJ, Kim JH, [2011]. Kurtosis corrected sound pressure level as a noise metric for risk assessment
of occupational noises. J Acoust Soc Am 129:1475–1481. https://doi.org/10.1121/1.3533691.
Gong W, Liu YF, Liu X [2017]. Field surveys of earplug fit-testing in China. Presented at the annual conference of
the National Hearing Conservation Association, February 2017, San Antonio, TX.
Gratton MA, Salvi RJ, Kamen BA, Saunders SS [1990]. Interaction of cisplatin and noise on the peripheral
auditory system. Hear Res 50(1–2):211–223.
Grinn SK, Wiseman KB, Baker JA, Le Prell CG [2017]. Hidden hearing loss? No effect of common recreational
noise exposure on cochlear nerve response amplitude in humans. Frontiers Neurosci 11(465):1–24,
doi:10.3389/fnins.2017.00465/full.
Grose JH, Buss E, Hall JW 3rd [2017]. Loud music exposure and cochlear synaptopathy in young adults: isolated
auditory brainstem response effects but no perceptual consequences. Trends Hear
21;doi:10.1177/2331216517737417.
Guest H, Munro KJ, Prendergast G, Millman RE, Plack C [2018]. Impaired speech perception in noise with a
normal audiogram: no evidence for cochlear synaptopathy and no relation to lifetime noise exposure. Hear Res
364:142–151, doi:10.1016/j.heares.2018.03.008.
Hager LD [2006]. Recordable hearing loss in the United States 2004. Presented at the annual conference of the
National Hearing Conservation Association, February 2006, Tampa, FL.
Hallmo P, Borchgrevink HM, Mair IW [1995]. Extended high-frequency thresholds in noise-induced hearing loss.
Scand Audiol 24(1):47–52.
Hamernik RP, Qiu W, Davis B [2003]. The effects of the amplitude distribution of equal energy exposures on
noise-induced hearing loss: the kurtosis metric. J Acoust Soc Am 114(1):386–395.
Heyer N, Morata TC, Pinkerton LE, Brueck SE, Stancescu D, Prince Panaccio M, Kim H, Sinclair JS, Waters MA,
Estill CF, Franks JR [2011]. Use of historical data and a novel metric in the evaluation of the effectiveness of
hearing conservation program components. Occup Environ Med 68(7):510–517,
http://dx.doi.org/10.1136/oem.2009.053801.
Hickox AE, Larsen E, Heinz MG, Shinobu L, Whitton JP [2017]. Translational issues in cochlear synaptopathy. Hear
Res 349:164–171, doi:10.1016/j.heares.2016.12.010.
Hiselius P, Edval N, Reimers D [2015]. To measure the impact of hearing protectors on the perception of speech
in noise. Int J Audiol 54(Suppl 1):S3–S8.
Hoben R, Easow G, Pevzner S, Parker MA [2017]. Outer hair cell and auditory nerve function in speech
recognition in quiet and in background noise. Frontiers Neurosci 11:157.
27

Hoffman HJ, Dobie RA, Losonczy KG, Themann CL, Flamme GA [2016]. Declining prevalence of hearing loss in US
adults aged 20 to 69 years. JAMA Otolaryngol Head Neck Surg 143(3):274–285,
doi:10.1001/jamaoto.2016.3527.
Holter T, Ottesen GE, Henriksen V, Kvaloy O, Melvaer A, Petterson OKO, Svean J [2011]. In-ear dosimetry:
observations from initial field study. National Hearing Conservation Association 2011 Conference
Proceedings, www.hearingconservation.org.
Jilek M, Šuta D, Syka J [2014]. Reference hearing thresholds in an extended frequency range as a function of age.
J Acoust Soc Am 136(4):1821–1830, doi: 10.1121/1.4894719.
Job A, Raynal M, Kossowski M, Studler M, Ghernaouti C, Baffioni-venturi A, Roux A, Darolles C, Guelorget A
[2009]. Otoacoustic detection of risk of early hearing loss in ears with normal audiograms: a 3-year
follow-up study. Hear Res 251(1-2):10–16, https://doi.org/10.1016/j.heares.2009.02.008.
Joseph AR, Punch J, Stephenson MR, Paneth N, Wolfe E, Murphy W [2007]. The effects of training format on
earplug performance. Int J Audiol 46(10):609–618.
Kerns E, Masterson EA, Themann CL, Calvert GM [2018]. Cardiovascular conditions, hearing difficulty, and
occupational noise exposure within US industries and occupations. Am J Ind Med 61(6):477–491.
Knipper M, Van Dijk P, Nunes I, Rüttiger L, Zimmermann U [2013]. Advances in the neurobiology of hearing
disorders: recent developments regarding the basis of tinnitus and hyperacusis. Prog Neurobiol 111:17–33.
Korres GS, Balatsouras DG, Tzagaroulakis A, Kandiloros D, Ferekidis E [2008]. Extended high-frequency
audiometry in subjects exposed to occupational noise. B-ENT 4(3):147–155.
Korres GS, Balatsouras DG, Tzagaroulakis A, Kandiloros D, Ferekidou E, Korres S [2009]. Distortion product
otoacoustic emissions in an industrial setting. Noise Health 11(43):103–110, doi:10.4103/1463-1741.50695.
Kujawa SG, Liberman MC [2006]. Acceleration of age-related hearing loss by early noise exposure: evidence of a
misspent youth. J Neurosci 26(7):2115–2123; doi: https://doi.org/10.1523/JNEUROSCI.4985-05.2006.
Kujawa SG, Liberman MC [2009]. Adding insult to injury: cochlear nerve degeneration after "temporary" noiseinduced hearing loss. J Neurosci 29(45), 14077–14085, doi:10.1523/JNEUROSCI.2845-09.2009.
Kumar P, Upadhyay P, Kumar A, Kumar S, Singh GB [2017]. Extended high frequency audiometry in users of
personal listening devices. Am J Otolaryngol 38(2):163–167, doi:10.1016/j.amjoto.2016.12.002.
Lapsley Miller JA, Marshall L, Heller LM, Hughes LM [2006]. Low-level otoacoustic emissions may predict
susceptibility to noise-induced hearing loss. J Acoustical Soc Am 120(1):280–296.
Lapsley Miller JA, Marshall L [2007]. Otoacoustic emissions as preclinical measures of NIHL and susceptibility to
NIHL. In Robinette MS, Glattke TJ, Eds. 3rd edition. Otoacoustic Emissions, Clinical Application. New York:
Thieme, pp. 321–341.
Le Prell CG, Dell S, Hensley BN, Hall JWI, Campbell KCM, Antonelli PJ, Green GE, Miller JM, Guire K [2012). Digital
music exposure reliably induces temporary threshold shift (TTS) in normal hearing human subjects. Ear Hear
33(6):e44–e58, doi:10.1097/AUD.0b013e31825f9d89.
Le Prell CG, Spankovich C, Lobarinas E, Griffiths SK [2013]. Extended high frequency thresholds in college
students: effects of music player use and other recreational noise. J Am Acad Audiol 24(8):725–739.
28

Le Prell CG, Brungart DS [2016]. Speech-in-noise tests and supra-threshold auditory evoked potentials as metrics
for noise damage and clinical trial outcome measures. Otol Neurotol 37(8):e295–e302,
doi:10.1097/MAO.0000000000001069.
Liberman MC, Epstein MJ, Cleveland SS, Wang H, Maison SF [2016]. Toward a differential diagnosis of hidden
hearing loss in humans. PLoS ONE 11(9):e0162726, https://doi.org/10.1371/journal.pone.0162726.
Liberman MC, Kujawa SG [2017]. Cochlear synaptopathy in acquired sensorineural hearing loss: manifestations
and mechanisms. Hear Res 349:138–147, doi:10.1016/j.heares.2017.01.003.
Lin HW, Furman AC, Kujawa SG, Liberman MC [2011]. Primary neural degeneration in the guinea pig cochlea
after reversible noise-induced threshold shift. J Assoc Res Otolaryngol 12(5):605–616, doi:10.1007/s10162011-0277-0.
Lobarinas E, Spankovich C, Le Prell CG [2017]. Evidence of “hidden hearing loss” following noise exposures that
produce robust TTS and ABR wave-I amplitude reductions. Hear Res 349:155–163,
doi:10.1016/j.heares.2016.12.009.
Mäkitie A, Pirvola U, Pyykkö I, Sakakibara H, Riihimäki V, Ylikoski J [2003]. The ototoxic interaction of styrene and
noise. Hear Res 179:9–20, https://doi.org/10.1016/S0378-5955(03)00066-2.
Masterson EA, Tak S, Themann CL, Wall DK, Groenewold MR, Deddens JA, Calvert GM [2013]. Prevalence of
hearing loss in the United States by industry. Am J Indust Med 56:670–681.
Masterson, EA [2015]. Trends in worker hearing loss within the Manufacturing Sector, 1981 – 2010. CAOHC
Update 27(1), 8–10.
Masterson EA, Deddens JA, Themann CL, Bertke S, Calvert GM [2015]. Trends in worker hearing loss by industry
sector, 1981 – 2010. Am J Ind Med 58:392–401.
Mehrparvar AH, Mirmohammadi SJ, Davari MH, Mostaghaci M, Mollasadeghi A, Bahaloo M, Hashemi SH [2014].
Conventional audiometry, extended high-frequency audiometry, and DPOAE for early diagnosis of NIHL. Iranian
Red Crescent Medical Journal 16(1):e9628, doi:10.5812/ircmj.9628.
Meinke DK, Norris JA, Flynn BP, Clavier OH [2017]. Going wireless and booth-less for hearing testing in industry.
Int J Audiol 56(Suppl 1):41–51, doi:10.1080/14992027.2016.1261189.
Michael PL, Kerlin RL, Bienvenue GR, Prout, Shampan JI [1976]. A real-ear field method for the measurement of
the noise attenuation of insert-type hearing protectors. HEW Publication No. 76-181. Washington, DC: U.S.
Department of Health, Education, and Welfare, Health Services and Mental Health Administration, National
Institute for Occupational Safety and Health.
Michael K, Bloyer C [1999]. Hearing protector attenuation measurement on the end-user. Presented at the
National Hearing Conservation Association Annual Conference, Atlanta, GA.
Morata TC, Dunn DE, Kretschmer LW, Lemasters GK, Keith RW [1993]. Effects of occupational exposure to
organic solvents and noise on hearing. Scand J Work Environ Health 19(4):245–254.
Morata TC, Dunn DE, Sieber WK [1994]. Occupational exposure to noise and ototoxic organic solvents. Arch
Environ Health 49(5):359–365, https://doi.org/10.1080/00039896.1994.9954988.
Murphy WJ, Tubbs RL [2007]. Assessment of noise exposure for an indoor and outdoor firing range. J Occup Env
Hyg 4:688–697.
29

Murphy WJ, Stephenson MR, Byrne DC, Witt B, Duran J [2011]. Effects of training on hearing protector
attenuation. Noise Health 13(51):132–141.
Murphy WJ [2013]. Comparing personal attenuation ratings for hearing protector fit-test systems. CAOHC
Update 25(3):1–3.
Murphy WJ, Themann CL, Murata TK [2016]. Hearing protector fit testing with off-shore oil-rig inspectors in
Louisiana and Texas. Int J Audiol 55(11):688–698.
NCHS [2018a]. National Health and Nutrition Examination Survey. National Center for Health Statistics,
https://www.cdc.gov/nchs/nhanes/.
NCHS [2018b]. National Health Interview Survey. National Center for Health Statistics,
https://www.cdc.gov/nchs/nhis/.
NIOSH [1972]. Criteria for a recommended standard: occupational noise exposure. DHHS (NIOSH) Publication
No. HSM 73-11001. Cincinnati, OH: U.S. Department of Health, Education, and Welfare, Health Services and
Mental Health Administration, National Institute for Occupational Safety and Health.
NIOSH [1985]. Noise induced hearing loss: goals and objectives, Division of Biomedical and Behavioral Science,
1985 – 1989. Cincinnati, OH: U.S. Department of Health and Human Services, Public Health Service, Centers
for Disease Control, National Institute for Occupational Safety and Health.
NIOSH [1987]. Organic solvent neurotoxicity current intelligence bulletin, 48. Cincinnati, OH: U.S. Department of
Health and Human Services, Public Health Service, Centers for Disease Control, National Institute for
Occupational Safety and Health.
NIOSH [1998]. Criteria for a recommended standard: occupational noise exposure—revised criteria. DHHS
(NIOSH) Publication No. 98–126. Cincinnati, OH: U.S. Department of Health and Human Services, Public
Health Service, Centers for Disease Control and Prevention, National Institute for Occupational Safety and
Health.
NIOSH [2009]. NIOSH alert: preventing occupational exposures to lead and noise at indoor firing ranges. DHHS
(NIOSH) Publication No. 2009-136. Cincinnati, OH: U.S. Department of Health and Human Services, Public
Health Service, Centers for Disease Control and Prevention, National Institute for Occupational Safety and
Health.
NIOSH [2018]. Occupational hearing loss (OHL) surveillance,
https://www.cdc.gov/niosh/topics/ohl/default.html.
Nondahl DM, Karen JC, Wiley TL, Tweed TS, Klein R, Klein BEK [1998]. Accuracy of self-reported hearing loss.
Audiology 37:295–301.
OSHA [1983a]. Occupational Noise Exposure, §29CFR 1910.95. Washington, DC: U.S. Department of Labor,
Occupational Safety and Health Administration. Fed Reg 48(46):9738–9744.
OSHA [1983b]. Occupational Noise Exposure, §29CFR 1910.95(G)(Appendix F), Calculations and application of
age corrections to audiograms. Washington, DC: U.S. Department of Labor, Occupational Safety and Health
Administration,
https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9741.
OSHA [2004]. Recording Criteria for Cases Involving Occupational Hearing Loss, §29 CFR 1904.10. U.S.
Department of Labor, Occupational Safety and Health Administration.
30

OSHA/NHCA/NIOSH Alliance [2008]. Best practice bulletin: hearing protection—emerging trends: individual fit
testing,
https://www.hearingconservation.org/resource/resmgr/imported/AllianceRecommendationForFitTesting_Fi
nal.pdf.
OSHA [2018]. Occupational Noise Exposure, §29CFR 1910.95, Standard Interpretations: Letter to 3M Company
on the use of Hearing Protector Fit-testing (to be published). Washington, DC: U.S. Department of Labor,
Occupational Safety and Health Administration, https://www.osha.gov/lawsregs/standardinterpretations/publicationdate/2018 March 12, 2018.
Plack CJ, Leger A, Prendergast G, Kluk K, Guest H, Munro KJ [2016]. Toward a diagnostic test for hidden hearing
loss. Trends Hear 20:1–9.
Prendergast G, Guest H, Munro KJ, Kluk K, Léger A, Hall DA, Heinz MG, Plack CJ [2017a]. Effects of noise
exposure on young adults with normal audiograms I: Electrophysiology. Hear Res 344:68–81,
doi:10.1016/j.heares.2016.10.028.
Prendergast G, Millman RE, Guest H, Munro KJ, Kluk K, Dewey RS, Hall DA, Heinz M, Plack CJ [2017b]. Effects of
noise exposure on young adults with normal audiograms II: Behavioral measures. Hear Res 356:74–86,
doi:10.1016/j.heares.2017.10.007.
Riga M, Korres G, Balatsouras D, Korres S [2010]. Screening protocols for the prevention of occupational noiseinduced hearing loss: the role of conventional and extended high frequency audiometry may vary according
to the years of employment. Med Sci Monitor 16(7):CR352–356, doi:880932 [pii].
Rodríguez Valiente A, Trinidad A, García Berrocal JR, Górriz C, Ramírez Camacho R [2014]. Extended highfrequency (9–20 kHz) audiometry reference thresholds in 645 healthy subjects. Int J Audiol 53(8):531–545,
doi: 10.3109/14992027.2014.893375.
Schulz TY [2011]. Individual fit-testing of earplugs: a review of uses. Noise Health 13(51):152.
Seixas NS, Kujawa SG, Norton S, Sheppard L, Neitzel R, Slee A [2004]. Predictors of hearing threshold levels and
distortion product otoacoustic emissions among noise exposed young adults. Occup Environ Med
61(11):899–907.
Seixas NS, Neitzel R, Stover B, Sheppard L, Feeney P, Mills D, Kujawa S [2012]. 10-Year prospective study of noise
exposure and hearing damage among construction workers. Occup Environ Med 69(9):643–650,
doi:10.1136/oemed-2011-100578.
Sindhusake D, Mitchell P, Smith W, Golding M, Newall P, Hartley D, Rubin G [2001]. Validation of self-reported
hearing loss. The Blue Mountains Hearing Study. Int J Epidemiol 30:1371–1378.
Smalt C, Davis SK, Calamia P, Lacirignola J [2017a]. On-body and in-ear noise exposure monitoring. J Acoust Soc
Am 141:3732.
Smalt CJ, Lacirignola J, Davis SK, Calamia PT, Collins PP [2017b]. Noise dosimetry for tactical environments. Hear
Res 349:42–54, doi: 10.1016/j.heares.2016.11.008.
Sulaiman AH, Husain R, Seluakumaran K [2015]. Hearing risk among young personal listening device users:
effects at high-frequency and extended high-frequency audiogram thresholds. J Int Advanced Otol
11(2):104–109, doi:10.5152/iao.2015.699.
Themann CL, Suter AH, Stephenson MR [2013]. National Research Agenda for the Prevention of Occupational
Hearing Loss– Part 1. Semin Hear 34(3):1–207.
31

Themann CL, Suter AH, Stephenson MR [2013]. National Research Agenda for the Prevention of Occupational
Hearing Loss– Part 2. Semin Hear 34(3):208–251.
Tak S, Davis RR, Calvert GM [2009]. Exposure to hazardous workplace noise and use of hearing protection
devices among US workers—NHANES, 1999–2004. Am J Ind Med 52:358–371.
Themann CL, Suter AH, Stephenson MR [2013]. National Research Agenda for the Prevention of Occupational
Hearing Loss. Stephenson MR, Palmer CV, Eds. Semin Hear 34(3):141–251.
Tubbs RL, Murphy WJ [2003]. NIOSH Health Hazard Evaluation Report: HETA #2002-0131-2898. Fort Collins
Police Services, Fort Collins, Colorado, DHHS-CDC-NIOSH.
Xie H, Qiu W, Heyer NJ, Zhang M, Zhang P, Zhao Y, Hamernik RP [2016]. The use of the Kurtosis-adjusted
Cumulative Noise Exposure Metric in evaluating the hearing loss risk for complex noise. Ear Hear 37(3):312–
323.
Valderrama JT, Beach EF, Yeend I, Sharma M, Van Dun B, Dillon H [2018]. Effects of lifetime noise exposure on
the middle-age human auditory brainstem response, tinnitus and speech-in-noise intelligibility. Hear Res
365:36–48, doi: 10.1016/j.heares.2018.06.003. Epub 2018 Jun 12.
Valero MD, Burton JA, Hauser SN, Hackett TA, Ramachandran R, Liberman MC [2017]. Noise-induced cochlear
synaptopathy in rhesus monkeys (Macaca mulatta). Hear Res 353:213–223,
doi:10.1016/j.heares.2017.07.003.
Valete-Rosalino CM, Rozenfeld S [2005]. Auditory screening in the elderly: comparison between self-report and
audiometry. Braz J Otorhinolaryngol 71(2):193–200.
Verbeek JH, Kateman E, Morata TC, Dreschler W, Sorgdrager B [2009]. Interventions to prevent occupational
noise induced hearing loss. Cochrane Database System Rev Issue 3, Art. No. CD006396,
doi:10.1002/14651858.CD006396.pub2.
White-Schwoch T, Woodruff Carr K, Thompson EC, Anderson S, Nicol T, Bradlow AR, Zecker SG, Kraus N [2015].
Auditory processing in noise: a preschool biomarker for literacy. PLoS Biol 13(7):e1002196,
https://doi.org/10.1371/journal.pbio.1002196.
Xie HW Qiu W, Heyer NJ, Zhang, MB, Zhang P, Zhao YM, Hamernik RP [2016]. The Use of the Kurtosis-adjusted
Cumulative Noise Exposure metric in Evaluating the hearing Loss Risk for Complex Noise. Ear Hear 37(3): 312323; https://doi/101.1097/AUD.0000000000000251.
Yeend I, Beach EF, Sharma M, Dillon H [2017]. The effects of noise exposure and musical training on
suprathreshold auditory processing and speech perception in noise. Hear Res 353:224–236;
doi:10.1016/j.heares.2017.07.006.
Zecker SG, Hoffman HJ, Frisina R, Dubno JR, Dhar S, Wallhagen M, Kraus N, Griffith JW, Walton JP, Eddins DA,
Newman C, Victorson D, Warrier CM, Wilson RH [2013]. Audition assessment using the NIH Toolbox.
Neurology 80(11 Suppl 3), doi: https://doi.org/10.1212/WNL.0b013e3182872dd2.
Zhao Y, Qiu W, Zeng L, Chen S, Cheng X, Davis RI, Hamernik RP [2010]. Application of the kurtosis statistic to the
evaluation of the risk of hearing loss in workers exposed to high-level complex noise. Ear Hear 31:527–532.

32

NORA Hearing Loss Prevention Cross-Sector Council Contributors and Members
Council Co-chairs
CAPT William J. Murphy, PhD; Coordinator Hearing Loss Prevention Cross-Sector, NIOSH
Lauraine L. Wells, AuD, CCC-A, CSP-A; Senior Regulatory Affairs Specialist, 3M Personal Safety Division

NIOSH Hearing Loss Program Manager and Assistant Coordinators, who help facilitate the work of the
council
Rudy J. Matetic, PhD; NIOSH Hearing Loss Prevention Program (HLP) Manager & Director of NIOSH Pittsburgh
Mining Research Division
Elizabeth A. Masterson, PhD, CPH, COHC; Epidemiologist & NIOSH HLP Assistant Coordinator, NIOSH Division of
Field Studies and Engineering
Amanda S. Azman, AuD; Audiologist & NIOSH HLP Assistant Coordinator, NIOSH Pittsburgh Mining Research
Division

Council Members
COL Kristen L. Casto, AuD, PhD; Chief of Audiology and Speech Center, US Army, Walter Reed National Military
Medical Center,
David C. Copley, MS, BS, INCE Board Cert; Sr. Engineering Specialist, Caterpillar
Sharon G. Curhan, MD, ScM; Associate Epidemiologist, Harvard Medical School, Channing Division of Network
Medicine, Department of Medicine, Brigham and Women’s Hospital
Joe Defibaugh, MBA, BS; Engineer, Dust and Ventilation, Komatsu Mining Corporation
Scott G. Earnest, PhD, PE, CSP; Sr. Research Engineer, NORA Construction Sector Council Co-chair, NIOSH Office
of Construction Safety and Health
Mark G. Ellis, JD, BS, BA; Attorney, President, Industrial Minerals Association of North America
CAPT Cherie F. Estill, PhD, PE; Engineer, Industrial Hygiene Supervisor, and NORA Services Council Co-chair,
NIOSH Division of Field Studies and Engineering
Nick LaPerle, LLB (Law - Canada); Technology Entrepreneur, Founder and CEO EERS Inc.
Colleen G. Le Prell, PhD; Emilie and Phil Schepps Professor of Hearing Science and Head, Audiology Program,
University of Texas at Dallas
Thais C. Morata, PhD; Sr. Research Audiologist and NORA Manufacturing Council Co-chair, NIOSH Division of
Field Studies and Engineering
Catherine Palmer, PhD; Associate Professor and Director of Audiology, University of Pittsburgh, UPMC Health
System, Communication Science and Disorders and Otolaryngology
Travis Parsons, MS; Associate Director of Occupational Safety and Health, Laborers’ Health and Safety Fund of
North America
Kelly L. Schnapp, MS; Director of Office of Science and Technology Assessment, Occupational Safety and Health
Administration
Theresa Y. Schulz, PhD, MS CCC-A; Audiologist and Global General Safety Training Lead, Honeywell
Christina D. Stalnaker, MS; Chief of Physical & Toxic Agents Division and Supervisory Industrial Hygienist, Mine
Safety and Health Administration
Vickie L. Tuten (COL, U.S. Army, retired), AuD, CCC-A; Audiologist, ASHA SIG 8 (Audiology and Public Health)
Coordinator
33

