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Hazardous noise and blasts are prevalent military occupational exposures that can result
in adverse hearing outcomes among US military Service members and Veterans and have
profound consequences on health and wellbeing. Significant knowledge gaps exist in
understanding the burden of hearing loss and the associations between military exposures
and hearing both during and after service. Moreover, little is known about the causal
mechanisms that can explain these effects. Evidence that helps fill these gaps will aid the
Departments of Defense (DoD) and Veterans Affairs (VA) in designing effective
interventions and rehabilitation programs. The overall goal of this dissertation was to
estimate: 1) the prevalence of hearing loss by severity; 2) rates of hearing changes during
military service as a consequence of occupational noise exposure; and 3) mechanisms of
the effect of blast exposure on self-reported hearing difficulty. These aims were designed

to rigorously yield practically useful information with the goal of improving hearing

health and guiding policy.

This dissertation consists of three related manuscripts. In the first, we estimate the
prevalence of hearing loss by severity among Veterans who recently separated from the

military and use VA health care. Not all Veterans had a hearing test so, for those without



a hearing test, we predicted their hearing thresholds using Bayesian logic in a multilevel
model. Data collected for a separate research study informed our prediction model.
Results suggest approximately 9.6% of recently separated Veterans who use VA for the
health care have mild hearing loss and prevalence declines exponentially with increasing
severity of loss. The second manuscript leverages administrative health care records from
a hearing conservation program in the DoD to estimate the average annual rate of hearing
change during military service and examined how occupational noise exposure ranking
alters that trajectory. To accomplish this aim, the administrative data were linked to data
describing military occupation service periods provided by participants in a separate
research study and noise exposure rankings from a job exposure matrix. Generally, we
observed greater hearing decline in the higher frequencies and with moderate and high
noise exposure rankings. The greatest average rate of change observed was 1.1 dB/year at
6000 Hz for a high noise exposure rank. We also observed service branch differences that
may be reflective of varying cultures and commitments to hearing conservation. The third
manuscript describes a formal causal mediation analysis to examine the direct and
indirect pathways linking blast exposure to self-reported hearing difficulty among Service
members and Veterans with audiometrically normal hearing. Results of this aim suggest
that a positive screen for post-traumatic stress disorder mediates about 41% of the

observed association between blast exposures and self-reported hearing difficulties.

This work, which described and quantified hearing loss and the relationship between
military exposures and hearing outcomes, provides much needed evidence in the field of

hearing science. Combined it provides evidence regarding the potential benefit of



reducing military workplace noise exposures and psychological distress that are likely
contributing to a high prevalence of hearing loss and hearing complaints among post-9/11

Service members and Veterans.
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Chapter 1. Introduction & Research Aims

Hearing loss can impact a Service member’s fitness for duty, and can result in decreases
in health, quality of life, and wellbeing over their lifetimes.!* Prevention of adverse
hearing outcomes is a priority for the Departments of Defense (DoD) and Veterans
Affairs (VA). Hearing loss is the second most common service-connected disability
among all Veterans, second to tinnitus, another auditory injury.’ For fiscal year 2019, the
VA reported there were over 1.3 million Veterans with a hearing loss service-connected
disability.’ That same year, the VA spent $302 million on hearing aids, batteries, and

repairs.’

Noise exposure is ubiquitous in the military and is a significant contributor to hearing
loss.”® However, in 2006 an Institute of Medicine (IOM; now known as The Health and
Medicine Division of the National Academies) report highlighted the existence of large
knowledge gaps in our understanding about the associations between military noise
exposure and hearing among Service members and Veterans.’ The IOM report noted
most hearing outcome data were derived from clinical investigations and lacked
generalizability. The reported concluded with a call for more epidemiologic research

exploring military noise exposure and hearing.

While noise exposure remains the primary known source of hearing loss, blast exposures
also play an important role.!*!?> Many post-9/11 Service members are returning home
having been injured by one or more blasts, with the ear being the organ most vulnerable
to damage.'® Hence, blast exposure is increasingly being recognized as a prevalent source

of hearing injury. Even in the absence of documented hearing loss, Veterans with a
1



history of blast exposure have reported hearing difficulties in noise and in other complex
acoustic environments.'* !¢ The mechanisms of these reported hearing deficits in the
context of intact hearing are poorly understood and may include non-auditory pathways.
Innovative epidemiologic approaches are needed to gain a deeper understanding of
adverse hearing outcomes resulting from blast exposure and to develop explanatory

theories of these outcomes.

This work is a direct response to the IOM’s call for research on hearing outcomes in
Service members and Veterans. These efforts focus on Veterans of post-9/11 wars
because they are demographically and militarily different, including unique deployment
experiences, from Veterans of earlier eras.!”! Shifting the focus to recently returned
Veterans spotlights opportunities for intervention in younger Veterans for whom the

adverse effects of hearing loss might be averted.

The overall objective of this dissertation was to provide empirical data on the burden and
mechanisms of adverse hearing outcomes among post-9/11 Service members and
Veterans. The aims of this work were to estimate: 1) the prevalence of hearing loss by
severity; 2) rates of hearing changes during military service as a consequence of
occupational noise exposure; and 3) mechanisms of the effect of blast exposure on self-
reported hearing difficulty. The dissertation consists of three manuscripts, organized as

follows:

The dissertation begins with a review of literature in Chapter 2, touching on auditory

injury as it relates to noise and blast exposures and the current gaps in the literature.



In Chapter 3 (Aim 1), we estimated the prevalence of mild, moderate, and severe hearing
loss among Veterans who have recently separated from the military and use VA health
care. Prevalence of hearing loss by severity requires measurement of hearing thresholds
among Veterans. However, because not all Veterans were evaluated by audiology, such
data were not readily available via administrative health care databases. To address this
aim, we developed a Bayesian multilevel regression model with poststratification based
on audiometric data from Veterans using VA health care and audiometric data from
Veterans enrolled in the Noise Outcomes In Servicemembers Epidemiology Study
(“NOISE Study”), a prospective study investigating military exposures and auditory

outcomes.

In Chapter 4 (Aim 2), we estimated the average change in Service members’ hearing over
the course of military service and evaluated the effects of noise on changes in hearing
over time. This was accomplished by linking audiometric data, collected from military
personnel as part of a DoD hearing conservation program, to data describing
demographic and military-service characteristics obtained from individuals enrolled in
the NOISE Study. The analytic cohort included Veterans who enlisted in military service
after September 2001. We examined the longitudinal association between military
occupations categorized as having a low, moderate, or high noise exposure ranking and
pure-tone hearing thresholds (500-6000 Hz), stratified by service branch, using a

hierarchical linear model.

In Chapter 5 (Aim 3), we estimated the effects of blast exposure on self-reported hearing

difficulty, and the mediating effects of post-traumatic stress disorder (PTSD) on this

3



relationship. Using regression models and following a formal causal mediation
framework, we estimated total associations between blast exposure and hearing difficulty,
natural direct and indirect associations, and percent of the observed association mediated
through PTSD. Moreover, we used four-way decomposition to disentangle the
association between blast exposure and hearing difficulty by PTSD, explaining ‘how’ and
‘for whom’ blast exposure tends to affect self-reported hearing ability. Again, this chapter

focuses on post-9/11 Service members and Veterans.

In Chapter 6, we conclude by presenting a critical summary of the dissertation’s rationale
and importance, key study findings, strengths and limitations of the work, as well as public

health implications and areas for future research.

Finally, the Appendices provide documentation from the joint VA Portland Health Care
System and Oregon Health & Science University Institutional Review Board for Aim 1
and for the NOISE Study, as well as supplemental methods and results for each of the

three studies.



Chapter 2. Review of the Literature
2.1. Hearing loss impact on Service members and Veterans

Hearing loss is an unfortunate consequence of war and is an important concern for the US
Department of Defense (DoD) and the US Department of Veterans Affairs (VA). Hearing
loss limits one’s ability to hear high frequency sounds, understand speech, and
communicate. For active duty Service members, this can compromise situational
awareness, making it difficult to safely perform job tasks.">!” Thus, hearing loss can
impact active duty Service members’ fitness for duty. Service members with hearing loss
also leave military service at a higher rate than those with normal hearing.?’ Keeping

attrition low is important to ensuring a strong military force.

The impacts of hearing loss extend beyond limiting work activities related to military
service. In the non-military workplace, individuals with hearing loss report feeling
embarrassed and incompetent, and fear for their future employability.?! Furthermore,
individuals with hearing loss have lower employment rates and when employed have
lower wages than the general population.??>* Hearing loss is also associated with
psychosocial health problems including depression, social isolation, anxiety, poor self-
esteem, and physical health problems such as increased falls, unintentional injuries,
decreased cognitive function, fatigue, decline in functional capacity to conduct tasks of
everyday living, and hospitalizations.>?-” Specifically among Veterans, hearing loss has
been found to be associated with negative social and emotional outcomes, decreased
cognitive function, and depression.?’*#3% Hence, hearing loss acquired during military

service can lead to a lifetime of consequences.
5



2.2. Noise and blasts associated with adverse hearing outcomes

Noise exposure [>80 decibels sound pressure level (dB SPL)] is the primary cause of
hearing loss among Service members.”® It has been said that all Service members will be
exposed to hazardous levels of noise at some point during their military career.® Not
surprisingly then, hearing loss and tinnitus (another auditory injury) are the two most
prevalent service connected disabilities in the VA.> Noise exposure can cause damage to
structures of the inner ear (Figure 2.1). Initially, noise exposure damages the synaptic
connections between the inner hair cells and the auditory nerve fibers responsible for
carrying auditory sensory information from the cochlea to the cortex.**** Further
physiologic damage occurs to the outer hair cells of the cochlea responsible for
amplifying low-level sounds.** A permanent hearing loss ensues once 30-50% of the
~16,000 outer hair cells are irreparably damaged.* Noise exposures typically affect the
mid-to-high frequencies of hearing [>3000 Hertz (Hz)]. Exposure to an intense (>150 dB
SPL) impulse noise has the potential to induce an acoustic trauma including eardrum
perforation, fractures to the middle ear bones, and rupture of the organ of Corti off the
basilar membrane.*->* Impulsive noise exposures can result in an immediate, permanent
hearing loss affecting a wide range of frequencies.!®* The most common complaint
among individuals with documented hearing loss is increased difficulty understanding

speech in background noise.



Figure 2.1. Illustration of the anatomy of the ear.

Temporalis fascia

cells

Habetula
perfocata,

Figure legend: Left — Depiction of the peripheral auditory system. Right — Enlarged cross-section of the
cochlea showing the organ of Corti and its inner and outer hair cells responsible for the sound
transduction. Reprinted with permission. [Illustration] ©2015 Christine Gralapp, MA, CMI

Blast exposure is also a risk factor for hearing loss.!%!1:1446 A blast exposure is the
sudden release of energy that forms a pressure wave. This pressure wave propagates
outward and is followed by a blast wind.>! Pressure waves can have debilitating effects
on the body. The blast wind that follows the pressure wave can propel debris into an
individual and/or knock them into a solid object.’! The ear is particularly vulnerable to
the pressure wave because it is the body’s most sensitive pressure transducer.'>!> The
initial pressure wave, depending on the distance from the blast, can be accompanied by a
high-intensity impulse noise. Both the pressure wave and accompanying high-intensity
noise can induce varying degrees of acoustic trauma (described above), irrevocably
damaging the peripheral auditory system.!!?*485253 Insurgence warfare has led to an
increase in blast exposures among Service members compared to past (pre-9/11) wars.>!

Between 2005 and 2009, the one-year incidence of any blast injury per 1,000 deployed



Service members ranged from 1.7 to 4.5 but reached levels of 83 per 1,000 deployed
among a combat team during a troop surge.>* The total number of Service members
exposed to a blast is difficult to conceive because most estimates are derived from injury
databases and not all blasts lead to injury warranting medical care.’! However, blast
exposure is responsible for a substantial portion of Service members killed in action and
those who incurred a TBI, 75%°° and 36%°° respectively. Since 2001, 5,449 Service
members have been killed in action®’ and another 417,503 experienced a TBI.>®
Therefore, we estimate 154,388 Service members have been killed or injured by blast.
Today’s Service members are more likely than those of past wars to survive blast
exposures due to improved personal protective equipment and emergency medical care in

the war zone.>!* This progress means that more Service members return home with

lifelong injuries.

Eardrum perforation is the most common primary blast injury occurring in 17% of blast
injured Service members'? and is usually accompanied by hearing loss in the cochlea.®
In a sample of deployed male Service members, Joseph and colleagues reported that
individuals with a blast-related injury were twice as likely to have hearing loss compared
to individuals with a non-blast related injury (OR=2.2; 95% CI: 1.4-3.4).!! And, while
21% of the individuals had documentable hearing loss based on a hearing test following
the blast injury, 45% experienced at least a 15 dB hearing change at one or more
frequencies. Forty-nine percent of the risk for hearing loss in deployed male Service
members was attributed to the blast event.!! Less well understood are the effects of blast

exposure on the central auditory system (brainstem and higher).!®¢1:%2 It has been



hypothesized that blast exposure can affect the central auditory system in a separate and
distinct manner, likely through traumatic brain injury (TBI). There is evidence that shows
blast exposure is associated with self-reported hearing difficulty among Veterans with
and without hearing loss.!*!%?>63 Concerning are the Veterans with a history of blast
exposure, including blast-induced TBI, and normal hearing sensitivity but who complain
of hearing difficulty in the presence of background noise.'*!>% This discordant finding
has turned hearing scientists’ attention toward the potential for sub-clinical damage in the

40-42 and increased awareness of the

peripheral auditory system, namely the cochlea,
vulnerability of the central auditory system.!®¢! However, the ability to understand
speech in noise also requires sustained attention and focus on the target signal, cognitive

tasks that mostly remain outside auditory pathways, an area of research that has received

relatively little focus.
2.3. Institute of Medicine report highlights gaps in knowledge

With increasing concerns about the impact noise has on our military Service members,
Congress directed the VA to contract with the IOM to review the literature from World
War II to the present on noise and military service and its impact on the auditory system.
In 2006, the IOM report highlighted the existence of large knowledge gaps in our
foundational understanding about the epidemiologic associations between military noise
exposure and hearing among Service members and Veterans.®* In a comprehensive
review of the literature, the IOM reported most hearing loss data were derived from non-
epidemiologic investigations (e.g., small sample sizes, convenience samples, recruited

from specialty clinics) that prohibited interpretations of prevalence and incidence of

9



hearing loss among Service members. And, hearing loss outcomes were generally
reported as averages, lacked frequency specific thresholds, and reported using definitions
that may not be sensitive to early noise-induced hearing changes. Exacerbating these
methodological limitations is the hearing science field’s lack of prospectively collected
data. Generally, proportions of individuals with hearing loss or hearing threshold changes
are reported rather than the rate or magnitude of the hearing change.®* Occasionally, these

measures are repeatedly collected and compared over time; %

while repeat cross-
sectional evaluations can tell us about the change in the proportion of Service members
with hearing loss or significant threshold shifts, it does not capture individual level

changes nor allow us to assess how those changes may be a consequence of military

cxXposures.

Since the release of the IOM report, hearing scientists and hearing health care
practitioners and administrators have been working to better understand the effects of
noise and other military exposures on hearing. The DoD is building infrastructure and
processes aimed at supporting this work, including the development of the DoD Hearing
Center of Excellence (HCE)®® and expansion of military policies to audiometrically
monitor a greater number of Service members.%® The military expanded the at-risk
hearing conservation program, the Defense Occupational and Environmental Health
Readiness System — Hearing Conservation (DOEHRS-HC),”® to more of a population
health program requiring all operational forces to have annual hearing tests coupled with
hearing protection and hearing education.®” Despite the initial enthusiasm, epidemiologic

research efforts have been slow. Fourteen years following the IOM report, we still lack
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valid estimates of the post-service separation prevalence of hearing loss, the rate of
hearing change during service, and how noise may alter that trajectory. Acquiring this
fundamental knowledge about exposures and hearing outcomes could help inform
military service-related interventions, rehabilitation programs, and disability

compensation.
2.4. Post-9/11 Veterans: A population of interest

Following the attacks of September 11, 2001, the US launched the Global War on
Terrorism, which continues today. Approximately 4.8 million Service members have
served since then, of which 3.2 million served only during the post-9/11 era. VA projects
a post-9/11 Veteran population of just over 6.2 million by 2030.!” This is the youngest
and most diverse cohort of Veterans served by the VA—nearly half are under the age of
35, about 17% are women, and over one-third are racial or ethnic minorities.'®”"’? Given
the operational demands of post-9/11 conflicts, Service members have been deployed
multiple times and deployments have required the mobilization of Service members from
reserve components (Reserves and National Guard) much more so than in decades past.”
Finally, compared to all other service era Veterans, post-9/11 Veterans are more likely to
have a service-connected disability and use VA health care only.”! Thus, the VA has
identified these Veterans as a population of interest for ongoing surveillance and
investigation of military exposures on health outcomes. The epidemiologic investigation

of hearing outcomes is necessary for timely diagnosis, treatment, and rehabilitation in

younger Veterans for whom the consequences of hearing loss might be prevented.
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2.5. Prevalence of hearing loss among post-9/11 Veterans

Despite hearing conservation efforts, military Service members remain at risk for
developing service-related hearing loss requiring post-service diagnosis, rehabilitation,
and potential disability compensation. Results of a national survey found that 4% of post-
9/11 Veterans self-reported serious difficulty hearing.”* Military Veterans serving before
9/11 were 1.3 times (adjusted prevalence ratio 95% confidence interval (CI): 1.2-1.4)
more likely than non-Veterans to report serious difficulty hearing, while Veterans serving
between 9/11 and March 2010 were four times (adjusted prevalence ratio 95% CI: 2.7-
6.0) more likely.”* This observed association underscores the need for continued
investigation into the risk factors for hearing loss, especially among post-9/11 Veterans.
While surveys allow for the collection of data that might otherwise be prohibitively
expensive to undertake, they are limiting in that subjective reports do not always agree
with objectively collected measures. One study compared self-report incident hearing
loss in military Service members to an objective hearing test and found moderate
agreement between the two measures, which suggests there is some misclassification that
will impact underlying estimates of prevalence when hearing loss is defined by self-

report.”

Little is known about the prevalence of hearing loss among the population of post-9/11
Veterans using audiometric criteria.’® Hearing loss is typically diagnosed based on the
results of an in-depth audiometric assessment. Audiometry is the process of measuring
hearing ability using pure tone stimuli, which measures the smallest detectable levels

(threshold) of pure tones at varying frequencies, typically 250 to 8000 Hz. One approach
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to estimating the prevalence of hearing loss is to extract disability claims from
administrative databases, which presumably relies on the audiometric assessment.
Recently, the VA reported that, among post-9/11 Veterans, hearing loss was the 10th
most prevalent service-connected disability, affecting 2.1% of this population.”’
However, the VA definition of hearing disability (>40 dB HL at a single frequency from
250 to 4000 Hz) is likely to miss mild hearing losses and hearing losses in the higher
frequencies (6000 and 8000 Hz). Subsequently, disability claims can be expected to
underestimate the prevalence of hearing loss among Veterans. Mild hearing loss and high
frequency hearing loss can impose difficulties in everyday life and should not be

underestimated.

Another approach to estimate the prevalence of hearing loss is to extract diagnostic codes
for hearing loss from health care databases that reflect a diagnosis based on audiologic
assessments. To date, only two population-based studies have investigated the prevalence
of hearing loss among post-9/11 Veterans and both used diagnostic codes; Frayne et al’®
and Swan et al” reported the prevalence of hearing loss diagnosis as 19% and 13%,
respectively, and noted that males had a higher prevalence of hearing loss compared to
females. While informative, the use of diagnostic codes to estimate prevalence is
limiting. First, diagnostic codes used for epidemiologic purposes have been shown to
introduce error.8%8! Second, diagnostic codes collapse audiometric data down to two
discrete groups, those with and without hearing loss, preventing the reporting of hearing

loss by frequency and severity (mild, moderate, severe). Third, estimates of prevalence

using diagnostic codes is conditioned on Veterans having had a hearing test as part of a
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clinical visit. A Veteran’s decision about whether to visit an audiology clinic is likely
based on idiosyncratic and complex factors. Accordingly, the absence of a hearing test
does not mean absence of hearing loss, which impacts calculations of prevalence. Finally,
previous studies reporting prevalence of hearing loss, while restricted to Veterans having
served in post-9/11 conflicts, did not control for the length of time since service.
Therefore, prevalence estimates of hearing loss could be reflecting hearing loss
attributable to not only military service but also to non-military occupational and
recreational exposures since service. Estimates of the number of Veterans with hearing
loss and the degree of hearing loss entering the VA health care system is necessary to
inform policy makers and providers about potential audiologic resource utilization and

projected costs for early intervention.

Estimates of hearing loss prevalence for those in military service could help illuminate
the potential burden on VA hearing health services. For example, in 2018, the DoD
estimated the prevalence of hearing loss among Service members enrolled in a hearing
conservation program to be 15%; estimates varied by service branch and component.®’
Hearing loss was defined as any test frequency (250-6000 Hz) with a threshold > 25 dB
HL. However, Service members enrolled in this hearing conservation program may not
be representative of the general Service member population nor of Service members who
transition to Veteran status and use the VA for their healthcare. Additionally, despite
having audiometric thresholds, the DoD reported only whether hearing loss was present
(yes/no) and did not elaborate on the severity of hearing loss these Service members were

experiencing.®’ There remains a gap in our understanding of the hearing loss burden, and
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the degree of loss, among recently separated Veterans entering the VA health care

system.
2.6. Rate of hearing change during military service

Since the IOM report, the DoD has encouraged the testing of all Service members’
hearing at entry into military service and again when exiting service.®? The occurrence of
audiometric surveillance during military service is related to deployments and military
occupations in known noisy work environments.®»%* As such, most Service members now
receive two or more hearing tests during their military service. An example audiogram
from a single individual (one ear) tested at two time points (time point one with solid
circles and time point two with dashed circles) is shown in Figure 2.2. The audiogram is a
plot of pure tone thresholds in dB hearing level (dB HL) as a function of test frequency
(Hz). Thresholds plotted above the red line suggest normal hearing and below the red
line, impaired hearing, for that frequency. As with most occupational hearing
conservation programs, hearing change in the military is measured as a significant
threshold shift (STS).%* An STS is a clinically meaningful hearing change compared to a
baseline hearing test. Specifically, STS is defined as a change in hearing by 10 dB or
more in the average of hearing thresholds at test frequencies 2, 3, and 4 kHz.67-8483

Significant threshold shifts can occur within the normal range of hearing or occur within

an already impaired ear.%® Figure 2.2 is an example of STSs at 2000 Hz and higher.

Typical of STS reporting, meaningful hearing changes are reported as percentages of
occurrence rather than actual magnitude of hearing change of frequencies impacted. For

example, a recent report by the Army noted the incidence of STS diagnosis in 2013 was
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1.7% and had remained relatively constant from 2009-2013.%> While repeat cross-
sectional views of the number of Service members or Veterans with hearing loss over
time can yield information about how the groups change from year to year, it cannot be
used to summarize individual-level hearing changes within a year’s time.

Figure 2.2. Example audiogram
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Figure legend: Plotted are the pure tone thresholds for one ear at
two time points for an individual. The solid circles represent time
point one and dashed circles time point two. In this example, the
individual would be considered to have had a significant
threshold shift, but the magnitude, frequency, and time
occurrence would be lost.

Hearing sensitivity exists on a continuum. Clinically defined normal hearing spans a
range of approximately -10 to 25 dB HL and hearing loss spans a range from 25 to about
110 dB HL. Thus, the range of ‘normal’ is approximately 35 dB. This wide range allows
for substantial hearing changes to occur without an individual ever being diagnosed as
having hearing loss. Similarly, hearing change exists as a continuum of severity rather
than an all-or-none phenomenon. Thus, the real question in population studies of Service

members is not “Did the Service member’s hearing change during military service” but
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“How much and how quickly does each person’s hearing change over their military
service period?” To date, no studies have estimated the rate of hearing change that occurs
during military service. Determining the rate of hearing change and potential risk factors
that affect the rate of change is important to elucidate the impact of military service on
hearing. Because of the adverse communication and health outcomes associated with
worsening hearing, studies using prospectively collected data from individuals in the

recent post-9/11 conflicts are needed.

2.7. Increasing our understanding of how blast exposures lead to self-reported

hearing difficulty among normal hearing Veterans

As discussed earlier, blast exposure is a known cause of hearing loss. Further, substantial
evidence shows blast exposure is associated with self-reported hearing difficulty,
especially in complex acoustic environments such as understanding speech in background
noise, among Veterans normal or near-normal hearing in the audiogram.!#142%63 The
ability to listen and understand speech in complex acoustic environments like background
noise depends critically on an intact auditory system, from cochlea to cortex. The ability
to understand speech in complex acoustic environments also requires sustained attention
and focus on the target signal, tasks which are largely outside the auditory system. Thus,
mechanisms that affect attention and focus may result in perceptual hearing deficits and
self-reported difficulty.!> Two pathologies frequently observed among post-9/11 Veterans
and that can interfere with sustained attention and focus are traumatic brain injury (TBI)

and post-traumatic stress disorder (PTSD). TBI was observed in 15-23% of returning

Service members.?*%7 Similarly, 20% of returning Service members are affected with
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PTSD.% Among Veterans, these two pathologies frequently co-occur, with 64-73%
individuals with a diagnosis of TBI also having a co-morbid PTSD diagnosis.®>*° It is
also possible that exposure to blasts can result in PTSD without a TBI.”! Therefore,
considering the well-established pathway between military blast exposure and PTSD,”? it
is possible that the effects of blast on self-reported hearing difficulty is mediated through

PTSD.

Individuals with PTSD subjectively complain about concentration, attention, and
memory. Vasterling and Brailey suggested that PTSD is characterized by relatively less
proficient initial acquisition of information and heightened sensitivity to interference.”
Initial acquisition has been linked to the functional integrity of the prefrontal cortex and
attention.’? Additionally, Veterans with PTSD have shown weaknesses on tasks of
working memory and sustained attention, but not on tasks of attentional shifting or
selection of targets from an array.”>** Finally, trauma exposures have been linked to a
range of adverse health outcomes, both objective and self-reported.”>” A conceptual
framework has been proposed that links a trauma exposure to severe and persistent
distress, primarily PTSD, which leads to psychological and attentional mechanisms
resulting in altered symptom perception.”® The distress, which increases allostatic load, is
necessary to engage attentional mechanisms that can lead to poor health.”®1% Thus, even
if the blast exposure (traumatic event) does not lead to direct physical harm of the
auditory system and subsequent hearing loss, blast exposure that leads to PTSD may

result in self-reported hearing difficulty. Consequently, evidence is largely lacking on
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mediators linking blast to self-reported hearing difficulty and to the extent to which

intervening on these mediators could mitigate blast disparities in perceptual deficits.

2.8. Contributions of this dissertation to the literature

The review above demonstrates the gaps in foundational knowledge and the need for
research on hearing outcomes in Veterans of recent wars. We are lacking a valid estimate
of the prevalence of hearing loss following service separation and the rate of hearing
change during service. Furthermore, with increasing numbers of Veterans returning home
having experienced a blast exposure, there is an urgent need to better understand reports
of hearing difficulty in the audiometrically normal, but blast-exposed, population. Lack
of information about hearing outcomes in the newest generation of Veterans represents a
serious gap that prevents optimal care. Their deployment experience differs from that of
Veterans of earlier war eras with respect to numerous factors, such as blast exposure and
better likelihood of survival. Shifting the focus to recently returned Veterans spotlights
opportunities for intervention in younger Veterans for whom adverse effects of hearing

loss might be mitigated.

The overall goal of this body of work is to provide foundational data on military noise
and blast exposure, and to establish its associations with auditory function (including
mechanisms of action) among post-9/11 Service members and Veterans. Toward
achieving this objective, this dissertation makes contributions in three areas: (1) the post-
separation prevalence of hearing loss by severity among VA health care users; (2) rates of
hearing changes by frequency during military service and as a consequence of

occupational noise exposure; and (3) the effects of blast exposure on self-reported
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hearing difficulty via PTSD in audiometrically normal hearing Veterans. The work that
follows is directly responsive to the IOM call for research on hearing outcomes in Service
members and Veterans. Each of these dissertation aims was investigated using unique
administrative databases, prospectively collected data, and using novel analytical

approaches described in the individual dissertation chapters.

In Aim 1 we estimated the prevalence of mild, moderate, and severe hearing loss among
Veterans who have recently separated from the military and who use VA health care.
This aim provides the first estimate of the national prevalence of hearing loss by severity
among Veterans of post-9/11 wars who use VA health care. Knowing the prevalence of
hearing loss is required for the VA to plan appropriate resource allocation for hearing
health care services for Veterans. In Aim 2 we estimated the average change in Service
members’ hearing over the course of military service as a consequence of military
occupational noise exposure ranking. This aim leveraged Service members’ audiometric
data collected as part of the DoD hearing conservation program to determine the average
change in hearing thresholds by frequency over time, which is a unique use of DoD data.
This was the first analysis of hearing change over time using such data and adds to the
limited literature on frequency-specific hearing outcomes during military service.
Estimating the rate of hearing change by frequency, and risk factors that impact hearing,
will inform DoD efforts to protect Service members’ hearing during their military
service. In Aim 3, we estimated the effects of blast exposure on self-reported hearing
difficulty, and the mediating effects of PTSD on this relationship. Using regression

models and following a formal causal mediation framework, we estimated total
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associations between blast exposures and hearing difficulty, natural direct and indirect
associations, and percent of the observed associations mediated through PTSD. Moving
from associations toward causality and mechanistic understanding is essential to both the
prevention and rehabilitation of self-reported hearing difficulty. Given that blast
exposures may not be preventable in all cases, an improved understanding of the
mechanisms that cause those with blast exposure to report hearing difficulty could

highlight opportunities for targeted interventions.
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3.1. Abstract

3.1.1. Objective

To estimate the prevalence of mild, moderate, and severe hearing loss among post-9/11
Veterans who have recently separated from the military and who use the Veterans Affairs
(VA) health care system for their primary or mental health care. This estimate is critical
for audiologic service resource allocation and planning. Estimation of the burden of
hearing loss requires measurement of hearing thresholds. However, because not all
Veterans are tested, such data are not readily available. To overcome this gap, we
leveraged administrative healthcare data along with primary data collected in Veterans

and employed a novel estimation technique.

3.1.2. Data Sources

The data sources were VA health care administrative data and research data from the
Noise Outcomes in Servicemembers Epidemiology (NOISE) Study, a prospective cohort
study conducted within the VA Portland Health Care System. The study sample included

Veterans who separated from the military between August 2011 and August 2017.

3.1.3. Study Design

The study used a cross-sectional design. The primary outcome was hearing loss severity
(none, mild, moderate, or severe hearing loss) across the speech frequency range (500-
4000 Hz). Predictors of hearing loss severity included age, sex, and military service
branch. We used Bayesian logic within a multilevel regression model with

poststratification to estimate the prevalence of hearing loss.
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3.1.4. Data Collection/Extraction Methods

Audiometric hearing thresholds measured within 2.5 years of military service separation
were extracted from the VA health care records of post-9/11 Veterans. Similar hearing
threshold data were collected from Veterans enrolled in the NOISE Study. All Veterans

were classified as either having a clinical hearing test or not.

3.1.5. Principal Findings

Only 18% of the VA sample had hearing tests. Based on model results, we estimated the
prevalence of hearing loss among all Veterans in the target population to be 10.6% (90%

credible intervals: 7.8%-19.9%). Most hearing loss was mild.

3.1.6. Conclusions

There is a high burden of hearing loss among recently separated post-9/11 Veterans who
use VA healthcare. Mild hearing loss can impose difficulties in everyday life, and when
present during early life years can culminate in reduced functioning and quality of life
during older ages. Therefore, it is imperative that we investigate structural interventions
and secondary or tertiary prevention strategies to mitigate the consequences of hearing

loss.
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3.2. Introduction

We aimed to estimate the prevalence of mild, moderate, and severe hearing loss among
post-9/11 Veterans who have recently separated from the military and who use the
Veterans Affairs (VA) Health Care System. This is important to the VA because despite
hearing conservation efforts, military Service members remain at risk for developing
service-related hearing loss requiring post-service diagnosis, rehabilitation, and potential
disability compensation, placing a burden on the VA health care system. Untreated
hearing loss is associated with increased health care costs and is a risk factor for common
and costly diseases such as dementia.!?12 There are also social and economic costs for
individuals with hearing loss. A widespread intervention in the VA health care system to
mitigate the human and financial costs of hearing loss, such as aural rehabilitation, is
necessary especially among post-9/11 Veterans for whom the consequences of hearing
loss might still be prevented. However, there are currently no estimates of the number of
Veterans with hearing loss coming into the VA health care system to inform policy
makers and providers about potential audiologic resource utilization and projected costs

for early intervention.

Prevention and early intervention are strategic goals of the VA. Of particular interest are
the hearing health needs of post-9/11 military Veterans because they self-report serious
difficulty hearing more readily than Veterans of other war eras.”* Moreover, a large
proportion (62%) of post-9/11 Veterans use VA health care and an increasing percentage
of VA health care users are post-9/11 Veterans,'® which translates to increased health

care spending on this population. Preparation and resource planning for a widespread
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hearing health care intervention in this population requires an understanding of the
prevalence of the problem among Veterans using VA health care. Specifically, estimates
of the prevalence of hearing loss by severity are needed because practice standards vary
by degree of impairment. For example, treatment for mild hearing loss may include a low
gain hearing aid while severe hearing loss may necessitate a cochlear implant to restore

audibility and clarity of the speech signal.

Over 4.8 million people have served in the military since 9/11.!7 The total number of
individuals who experienced hearing loss by the time their service ended may be
substantial.” A congressionally mandated and VA sponsored Institute of Medicine (IOM,
now known as The Health and Medicine Division of the National Academies) report
published in 2006 noted a considerable knowledge gap in our foundational understanding
about the epidemiology of hearing loss in the military and its consequences for VA health
services.” In a comprehensive review of the literature, the IOM reported most hearing
loss data were derived from small or highly selective study samples that precluded
interpretations of hearing loss prevalence at service separation among Service members.’
Furthermore, it raised questions about the generalizability of these findings to the VA
health-care-using population. Since the release of the IOM report, epidemiologic efforts
to quantitatively describe the prevalence of hearing loss have been slow. This
fundamental knowledge about hearing could inform allocation of financial and human
resources to guide VA care, military service-related rehabilitation, and disability

compensation services.
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Historically, approaches to estimate the prevalence of objective hearing loss include
extracting diagnostic codes or disability claims from administrative health care databases.

To date, two studies have investigated the prevalence of hearing loss among post-9/11

178 179

Veterans using diagnostic codes; Frayne et al’® and Swan et al”” reported prevalence
estimates of 19% and 13%, respectively. The VA, using disability claims, estimated that
hearing loss was the 10th most prevalent service-connected disability, affecting 2.1% of
the post-9/11 population.”’ Disability claims are present for Veterans who file for
disability benefits for health conditions related to their military service. The VA applies a
strict definition of hearing disability, which likely explains the difference in estimates of
the prevalence of hearing loss between diagnostic codes and disability claims. Disability

claims will not represent cases of more mild hearing losses whereas diagnostic codes will

generally capture any hearing loss regardless of severity.

The use of diagnostic codes and disability claims to estimate prevalence is limiting in two
ways. First, diagnostic codes collapse audiometric data down to two discrete groups,
those with and without hearing loss, preventing the reporting of hearing loss by severity
(mild, moderate, severe). Second, estimates of prevalence using diagnostic codes and/or
disability claims require Veterans to have had a hearing test as part of a clinical visit.
Although the use of electronic health record data to estimate hearing loss prevalence for
measuring and monitoring Veteran population hearing health is more cost-effective than
conducting hearing assessments in the population, electronic health record data only
include a small, non-random subset of Veterans who sought audiologic evaluation. A

Veteran’s decision about whether to visit an audiology clinic is likely based on
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idiosyncratic and complex factors. Accordingly, the absence of a hearing test does not
mean absence of hearing loss, which impacts calculations of prevalence. As such,
diagnostic codes and disability claims cannot be relied upon to estimate the number of
individuals who, entering the VA health care system, may present to VA audiology
clinics for services if a structural intervention were applied. Obtaining VA population-
level health estimates of the prevalence of mild, moderate, and severe hearing loss

requires different approaches than what have been taken historically.

In the present study, we estimated the prevalence of hearing loss by severity among all
recently separated Veterans using VA health care between August 2011 — August 2017,

given that some Veterans were not tested.

3.3. Methods

3.3.1. Overview

The target population for this study is recently separated post-9/11 Veterans who use VA
health care. The study sample includes post-9/11 Veterans who have used VA health care
for their primary care or mental health care within 2.5 years of military service discharge
and who separated between August 2011 and August 2017 (the ‘VA-user sample,’
described further below). Estimating the prevalence of hearing loss by levels of severity
requires extraction of audiometric hearing threshold data. For those Veterans in the VA-
user sample who had been seen in audiology, audiometric data could be extracted from
VA administrative health care records. For those who had not been seen in audiology, no

audiometric data are available and thus their hearing thresholds must be predicted. To
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derive predicted hearing thresholds, we used audiometric data from a research study in
which characteristically similar Veterans were enrolled (the ‘NOISE Study sample,’
described further below). Hearing loss severity, determined by one’s hearing thresholds,
was then assigned to each Veteran in the VA-user sample using either actual VA
audiologic data or predicted hearing thresholds based on NOISE Study data. We then
combined the observed hearing loss severity counts from those seen in audiology with the
predicted hearing loss severity counts from those without audiology visits to derive
estimates of the prevalence of hearing loss by severity for the VA-user sample. Inferences
from this sample may then be used to predict and plan for hearing health care needs for

more recent newly separated post-9/11 Veterans who use VA care.
3.3.2. Data Sources

VA-user Sample. We used the VA/DoD Identity Repository (VADIR) to secure a list of
all Veterans who have served since October 2001 and have separated from the military.!*
October 2001 coincides with the beginning of Operation Enduring Freedom and the
United States invasion of Afghanistan in response to the September 11" attacks and
marks the beginning of the post-9/11 service era. This sampling frame was linked with
the VA Corporate Data Warehouse (CDW) using social security numbers to identify
post-9/11 Veterans with a VA health care record (n=1,837,480). The VA CDW database
is a large-scale relational data warehouse that draws from numerous clinical and
administrative systems for all VA-enrolled Veterans and provides a nationwide view of

all information entered into the electronic health record of the patient.!®> When a Veteran

receives a hearing evaluation in the VA health care system, the audiologist reports the
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patient’s information to a hearing loss repository. Data from the hearing loss repository

are then shared with the VA CDW.

Service separation date, vital status, health care utilization, and audiometric data were
extracted from Veterans’ health care records. Veterans deceased within the 2.5 years of
service separation were excluded (removing n=5,489). Veterans were defined as a health
care user if they had a primary care or mental health care visit within 2.5 years of service
separation. We applied this exclusion criterion (removing n=743,959) because we were
interested in Veterans who are likely to use the VA as their primary health care service
provider, including audiology services. Finally, the target sample was further restricted to
a time frame of August 2011 to August 2017 (removing n=612,727). This time period
overlapped with NOISE Study data collection and allowed 2.5 years of follow-up time

between service separation and data extraction (February 2020).

Our final analytic sample included 475,305 Veterans. Veterans in the sample were then
identified as either having a VA clinical hearing test within 2.5 years of service
separation or not having a VA clinical hearing test, providing an estimate of the
prevalence of hearing loss close in time to military separation. In our sample of VA
health care using Veterans, 86,348 had a VA clinical hearing test (18.2%), and 388,957
did not have a VA clinical hearing test within 2.5 years of service separation (81.8%).

The assembly of our VA sample is shown in Figure 3.1.
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Figure 3.1.

Schematic of sample.

Veterans separated after October 2001 and
enrolled in VA healthcare
n=1,837.480

A 4

Deceased within 2.5 years of
service separation
n=5.489

Separated after October 2001, Alive
n=1.831,991

A 4

No PC/MHC visit
n=743.959

Separated after October 2001, Alive, and a
VA user
n=1,088,032

A 4

Outside analytic time frame®
n=612,727

Separated between 08/27/2011 and
08/11/2017 and a VA user

n=475,305

Audiogram < 2.5 years
since separation
n=86.348 (18.17%)

No audiogram”
n=388.957 (81.83%)

*Time frame = 08/27/2011-08/11/2017 to correspond to NOISE Study data collection.
+Includes 29,866 Veterans with audiograms >2.5 years since service separation.
Abbreviations: PC/MHC, Primary Care/Mental Health Care
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NOISE Study Sample. A prospective cohort study was used to provide information on
post-9/11 Veterans without audiograms. The NOISE Study was designed to examine the
longitudinal effects of military and nonmilitary exposures on auditory functioning among
post-9/11 Service members and Veterans.!% Individuals are eligible to participate in the
NOISE Study if they remain currently enlisted or are within 2.5 years of military
separation. The NOISE Study is a multisite study with data collection ongoing in
Portland, Oregon and San Antonio, Texas. Study participants enrolled at the Portland site
are primarily Veterans seeking VA health care from the VA Portland Health Care
System. Study participants enrolled at the San Antonio site are primarily Active Duty
Service members stationed at the Joint Base San Antonio. For the purpose of this
analysis, only Veteran study participants enrolled in Portland, Oregon were included.
Study enrollment commenced in early 2014 and consequently includes Veterans who
separated from military service since August 2011. All study participants undergo an
audiologic evaluation. All data are double entered into a database and cross checked for
errors.'% Similar to the VA sample, the NOISE Study sample was restricted to
individuals defined as VA health care users (n=476). Further details of the NOISE Study
can be found elsewhere.! In the NOISE Study sample, 98 (20.59%) had a VA clinical
hearing test and 378 (79.41%) did not have a VA clinical hearing test prior to enrollment
in the NOISE Study (informing the model used to predict the hearing levels of the VA-

user sample without an audiogram).

This study was exempt from Institutional Review Board review and a waiver of informed

consent and HIPAA authorization was granted by the Research and Development
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Committee at the VA Portland Health Care System. Veteran data from the NOISE Study
were shared via an Institutional Review Board approved data use agreement (Appendix

A.l).
3.3.3. Outcome Variable

The primary outcome was hearing loss by severity. Hearing evaluations, both in VA
audiology clinics and in the NOISE Study, were conducted in a sound treated booth by a
licensed audiologist or trained technician. The testing protocol, test environment, and test
equipment met ANSI S3.6 — 1996 standards.!®” Pure tone hearing thresholds were
obtained at standard audiometric frequencies (250, 500, 1000, 2000, 3000, 4000, 6000,
and 8000 Hz). From the thresholds, a pure tone average (PTA) was calculated at 500,
1000, 2000, and 4000 Hz.'% The PTA of the worse ear was used to categorize the
Veteran as having normal hearing (PTA <25 dB HL), mild hearing loss (PTA 26-40 dB
HL), moderate hearing loss (PTA 41-60 dB HL) or severe to profound hearing loss (PTA
>61 dB HL).'%® The worse ear was chosen because any noticeable problem may drive a

Veteran to seek out audiology services.

The VA clinical audiograms were occasionally incomplete or with errors. Since 500,
1000, 2000, and 4000 Hz were necessary to determine hearing loss severity, any
audiogram that was missing more than one threshold at these frequencies in either ear
(<2% of the sample) was excluded. To remove data errors, data repair methods were used
(described in detail in Appendix B). Another unique feature of the administrative
audiometric data was the presence of multiple (repeat) audiograms conducted on the

same day. If repeat audiograms were identified, the retest was used rather than the
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original. If only selected frequencies were retested, then thresholds from the retested

frequencies were used in combination with the thresholds from the original audiogram.
3.3.4. Independent variables

The following variables were extracted for use as demographic covariates in multilevel
modeling: age at the time of service separation (<19, 20-29, 30-39, 40-49, >50), sex
(male, female), and service branch (Army, Air Force, Navy, Marine Corps, Coast Guard).
These variables were chosen because they are known risk factors for hearing loss.
Together, these three variables led to 50 (5 x 2 x 5) unique demographic subtypes, also

referred to as poststratification cells.
3.3.5. Statistical Analysis

We partitioned the VA-user sample into 2 groups: Veterans who had a clinical hearing
test and Veterans who did not have a clinical hearing test. To estimate the prevalence of
hearing loss for the entire sample, we used the following formula: Let p;, denote that
prevalence at the kth severity level of hearing loss, k=1 to 4 corresponding to None,
Mild, Moderate, and Severe. We define a binary indicator H, for each Veteran
corresponding to presence or absence of the kth hearing loss level in that person for
which we have an audiogram and define R}, as the predicted binary indicator of the kth
hearing loss level in a person who had not been tested. The prevalence of interest is

Y Hp+X Ry
n+m

defined as py = where n is the total number of Veterans in the VA-user sample

with an audiogram, m is the total number of Veterans in the VA-user sample without an

audiogram and the sum is over Veterans in the sample with hearing loss severity, k. H,
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can be estimated from the VA administrative database, containing health care records for
all Veterans receiving care. Although R;, cannot be directly estimated by existing health
care databases, it was informed through prospectively collected research data untethered

to clinical care.

Predicted R) was estimated using multilevel regression and poststratification (herein
abbreviated as MRP).!” The general idea of MRP is to estimate the PTA within each
poststratification cell using a multilevel model and then using the model-based parameter
estimates to predict the PTA among Veterans who have not had a hearing test.
Poststratification is a method for correcting for known differences between the sample

and population to which we wish to extend our findings.''°

We used Bayesian multilevel regression to model individual audiometric PTAs as a

function of demographic covariates among Veterans enrolled in the NOISE Study. The
study sample was restricted to those Veterans without a VA clinical audiogram prior to
enrollment in the NOISE Study (n=378). The PTA responses Y were fit to a multilevel

model of the form:
vi ~ N(u + ajpp + Buegy + vun + @B iy + (@) juiy + By + @BY) jragy, 07 )
fori = 1,..n
aj ~N(0,05),forj = 1,..,]
Br ~ N(O,aﬁ), fork =1,..,K

Vi~ N(O, aﬁ), for [
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Parameters a;, B, and y; are the random effects for the categorical covariates age, sex,

and branch of service, respectively (and their two-way and three-way interactions). All
random effects were modeled using independent normal prior distributions with a mean

of zero, for example, aﬁf’]e ~ N(O, agge). A key advantage to multilevel regression is the

inclusion of these random effects, which assumes the different levels of a covariate are
related to each other with a common variance. Thus, a multilevel model with random
effects will partially pool the different levels of a covariate parameter estimate toward its
mean, with the degree of pooling determined from the data. Greater pooling occurs when
the sample size is small and when the variance between categories within the covariate is
small. Larger sample sizes have more information, so the corresponding multilevel
estimates are closer to the individual level averages within a covariate. Generally,
estimates for sparse poststratification cells are improved by borrowing information from
demographically similar cells with more data.!?®!!!"!> Random effects statistically
account for the age-, sex-, and service branch-level correlations among individual
observations in the model-fitting; epidemiologically, they represent age-, sex-, and

service branch-level contextual effects on hearing.

The above model precludes deriving the posterior distribution in an algebraic form.!!*!15

Therefore, Markov Chain Monte Carlo (MCMC) methods, with the No-U-Turn sampling
algorithm and 1,000 iterations, were used to obtain the posterior distributions of the
model parameters. Next, for each parameter vector simulated from the posterior
distribution of the model parameters, we predicted the PTA for each Veteran in the

untested VA sample. This process of taking random draws from the posterior distribution
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of the parameters and then predicting each individual’s PTA given those parameters was
repeated 1,000 times to give an approximation of the posterior predictive distribution for
each Veteran. The samples were indexed by sample iteration i, so that the percentages

were also indexed, i.e.:

@) _ SHe+IR(
P = n+m

A histogram of p,(ci) over all sample iterations is an estimate of the posterior distribution
of py, providing the estimated prevalence of each hearing level among the population of
VA health care-using Veterans (both those who received audiograms and those who did
not). Finally, we repeated this model and subsequent predictions by taking the natural log
of the PTA to increase the accuracy of right-skewed data predictions (i.e., elevated PTAs

consistent with moderate and severe hearing loss).
3.4. Results

The overall demographics of the VA-user sample (n=475,305) and the NOISE Study
sample (n=476) are displayed in Table 3.1. The VA-user sample included primarily men
(86.4%) and about half (48.5%) of the sample participants were between the ages of 20
and 29 years. Additionally, 58.5% of the sample had served in the Army; only 0.2% were
Coast Guard Veterans. Of this sample, 18.2% had a VA hearing test. The NOISE Study
sample was largely similar to the VA sample in the distribution of demographic

characteristics and the proportion who had a hearing test.
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Table 3.1. General characteristics by data source.

Characteristic

VA-user Sample

NOISE Study Sample

(n=475,305) (n=476)
N (%) N (%)

Age (years)

<19 414 (0.1) 2 (0.4)

20-29 230,635 (48.5) 243 (51.1)

30-39 128,279 (27.0) 117 (24.6)

40-49 91,664 (19.3) 84 (17.7)

50 + 24,313 (5.1) 30(6.3)
Sex

Male 410,797 (86.4) 395 (83.0)

Female 64,508 (13.6) 81 (17.0)
Service Branch

Army 278,216 (58.5) 227 (47.7)

Marine Corps 62,265 (13.1) 76 (16.0)

Navy 65,484 (13.8) 83 (17.4)

Air Force 68,467 (14.4) 79 (16.6)

Coast Guard 873 (0.2) 11(2.3)
VA Clinical Hearing Test

No 388,957 (81.8) 378 (79.4)

Yes 86,348 (18.2) 98 (20.6)

The distribution of the proportion of Veterans with observed hearing loss (PTA in the

worse ear >25 dB HL) and mean PTA (dB HL) by age, sex, and service branch is

presented in Table 3.2. The table is stratified by data source (VA-user sample vs. NOISE
Study sample) and by the presence (yes/no) of a clinical hearing test. Among the VA
sample, the proportion with hearing loss and mean PTA is absent from those without a
clinical hearing test within 2.5 years of service separation, as expected. Additionally, the
sample size is the smallest, and sometimes missing completely, among Veterans <19
years of age and among Coast Guard Veterans. The proportion of Veterans with hearing
loss among demographic subtypes ranged from 0% to 60% (some data not shown due to
small sample sizes and risk to patient confidentiality) and the mean PTA ranged from 6.3
dB HL to 25.6 dB HL. Generally, men had a higher prevalence of hearing loss compared

to women (17% vs 9.3%) and prevalence of hearing loss and mean PTA increased with
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each age group. Among men, Army Service members had the highest prevalence of
hearing loss and the highest mean PTA within each age group. However, among women,
no pattern by service branch was observed. Overall, among those in the VA sample with
a hearing test (n=86,360), the prevalence of any hearing loss was 15.9% (n=13,743).
Most Veterans had mild hearing loss. The prevalence of mild, moderate, and severe

hearing loss was 12.6%, 2.7%, and 0.7%, respectively.

Among the NOISE Study sample, the proportion with hearing loss and mean PTA is
available for those both with and without a clinical hearing test because of their
participation in the research study (Table 3.2). However, due to the sample size of the
NOISE Study, there are few Veterans within each unique demographic subtype—
especially few representing the youngest (<19 years old) and the oldest (>50 years)
Veterans and Coast Guard Veterans. An underlying assumption is that the NOISE Study
sample is sufficiently similar to the VA-user sample such that it can be used to predict the
PTA in the VA-user sample without a clinical hearing test. To test this assumption, we
compared the mean PTA values among the NOISE Study sample with a clinical
audiogram to the VA sample with a clinical audiogram, focusing on the NOISE Study
demographic subtypes with at least a sample size of 5 (Table 3.2). No large deviations
were observed between the two data sources (the absolute difference varied by less than 3

dB), suggesting this was a reasonable assumption.
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Table 3.2. Sample size (N), percent with hearing loss,* and mean PTA® by sample, sex, age group, service branch, and history of VA
clinical audiogram.

VA-user Sample NOISE Study Sample
Males
Clinical Hearing Test ~ No Clinical Hearing Test Clinical Hearing Test ~ No Clinical Hearing Test
Age  Service N Hearing Mean N Hearing Mean Total N Hearing Mean N Hearing Mean Total
Group Branch Loss PTA Loss PTA N Loss PTA Loss PTA N
<19  Army 16 13% 18.8 298 314 0 2 * 17.5 2
Marines 4 * 14.4 7 11 0 0 0
Navy 1 * 6.3 10 11 0 0 0
Air Force 1 * 15.0 9 10 0 0 0
CG 0 0 0 0 0 0
20-29 Army 18,545  15% 154 96,873 115,418 12 * 16.0 75 3% 12.6 87
Marines 9,701 14% 152 32,305 42,006 | 11 * 12.3 38 3% 12.5 49
Navy 3,712 8% 13.1 19,857 23,569 6 * 11.9 28 0% 11.9 34
Air Force 3,293 7% 12.8 15,159 18,452 3 * 18.3 23 0% 12.0 26
CG 27 0% 10.6 161 188 0 0 0
30-39 Army 11,578  22% 17.7 56,670 68,248 9 * 18.2 49 12% 16.2 58
Marines 2,543 20% 17.1 9,082 11,625 1 * 12.5 11 * 15.5 12
Navy 2,726 13% 154 11,661 14,387 1 * 12.5 16 * 13.3 17
Air Force 3,137 13% 154 12,523 15,660 2 * 16.9 9 * 14.7 11
CG 59 15% 16.4 183 242 1 * 13.8 1 * 18.8 2
40-49 Army 9,296  33% 20.7 37,083 46,379 | 10 * 18.0 25 12% 18.7 35
Marines 1,116 28% 19.1 3,796 4,912 0 4 * 16.9 4
Navy 2,671 24% 18.6 9,333 12,004 2 * 10.6 9 * 18.3 11
Air Force 4,080 24% 18.5 12,151 16,231 8 * 209 10 * 19.3 18
CG 80 26% 18.4 180 260 3 * 20.8 2 * 15.0 5
>50  Army 3,332 55% 256 9,819 13,151 4 * 26.6 7 * 18.2 11
Marines 148 41% 22.9 380 528 1 * 22.5 1 * 30.0 2
Navy 659 44% 240 1,813 2,472 0 4 * 253 4
Air Force 1,496  47% 24.1 3,126 4,622 2 * 23.8 4 * 27.5 6
CG 38 47% 22.9 59 97 0 1 * 23.8 1
Males Total 78,259 16.6% 17.2 332,538 410,797, 76  13.16% 17.1 319 721% 147 395
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Females

VA-user Sample

NOISE Study Sample

Clinical Hearing Test ~ No Clinical Hearing Test

Clinical Hearing Test ~ No Clinical Hearing Test

Age  Service Hearing Mean N Hearing Mean Total Hearing Mean N Hearing Mean Total
Group Branch Loss PTA Loss PTA N Loss PTA Loss PTA N
<19  Army 2 * 18.8 50 52 0 0 0
Marines 0 1 1 0 0 0
Navy 2 * 13.1 10 12 0 0 0
Air Force 0 3 3 0 0 0
CG 0 0 0 0 0 0
20-29 Army 1,484 8% 11.7 14,861 16,345 5 * 9.8 12 * 11.8 17
Marines 331 5% 10.8 1,875 2,206 1 * 11.3 7 * 10.2 8
Navy 1,017 7% 11.6 6,466 7,483 5 * 9.0 7 * 10.2 12
Air Force 629 5% 113 4,314 4,943 3 * 7.9 6 * 11.7 9
CG 5 * 22.0 20 25 0 1 * 5.0 1
30-39 Army 1,085 12% 134 8,545 9,630 3 * 15.0 6 * 15.8 9
Marines 100 5% 11.4 621 721 0 1 * 10.0 1
Navy 446 9% 12.8 2,909 3,355 1 * 5.0 3 * 9.6 4
Air Force 591 6% 12.6 3,781 4,372 0 3 * 10.0 3
CG 6 * 8.3 33 39 0 0 0
40-49 Army 903 21% 16.6 5,742 6,645 2 * 12.5 3 * 11.3 5
Marines 45 22% 15.9 193 238 0 0 0
Navy 284 24% 17.6 1,427 1,711 1 * 6.3 0 1
Air Force 543 13% 149 2,725 3,268 0 3 11.7 3
CG 3 * 13.8 13 16 1 * 15.0 1 15.0 2
>50  Army 324 34% 20.8 1,710 2,034 0 3 * 16.3 3
Marines 4 * 16.9 13 17 0 0 0
Navy 96 36% 213 384 480 0 0 0
Air Force 187 22% 18.5 719 906 0 3 * 25.0 3
CG 2 * 15.6 4 6 0 0 0
Females Total 8,089 93% 13.6 56,419 64,508 | 22 9.09% 10.2 59 1.69% 124 81

Abbreviations: PTA, pure tone average; CG, Coast Guard

2 Hearing loss yes/no defined as PTA in the worse ear > 25 dB HL
"PTA using 0.5, 1, 2, and 4 kHz in the worse ear

*To protect patient confidentiality, the proportion with hearing loss was redacted for cell sizes < 20
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The NOISE Study sample without a clinical audiogram prior to entry into the research
study was used to establish the posterior distribution of the model parameters necessary
to predict the PTA in the VA sample without a clinical audiogram. Figure 3.2 is a
summary plot of the predicted PTA from the multilevel normal errors model (black) and
log-normal errors model (red) as a function of those model predictors. The estimates and
their Bayesian 50% credible intervals (25-75™ percentiles) and 90% credible intervals (5-
95t percentiles) are displayed. As can be seen in the figure, all demographic subtypes
have an estimated PTA within the normal range; however, the Bayesian intervals indicate
that mild hearing losses (PTA 26-40 dB HL) remain probable especially for young
Veterans (<19 years) and older Veterans (=30 years). Generally, the predicted PTA

varied by age and sex, but less so by service branch.
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Figure 3.2. Predicted PTA (dB HL, worse ear) as a function of service branch, sex, and age group.
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Figure legend: Circle and square markers indicate the 50" percentile of the posterior predictive distribution of the mean PTA for the normal model
and log-normal model, respectively. Thin error bars reflect the 5-95" percentile range and the thicker error bars are the 25-75™ percentile range of
possible mean PTA values consistent with the data. Y-axis reference lines (grey dashed lines) are placed at 25 dB HL and 40 dB HL to show the cut
point for mild and moderate hearing loss, respectively.

Abbreviations: PTA, pure tone average; dB HL, decibels hearing level
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Next, we used that parameter vector, simulated from the posterior distribution of the
model parameters, to predict the PTA for each Veteran (repeated over 1,000 iterations) in
the untested VA-user sample. This Bayesian simulation approach has the added benefit of
allowing us to compute functions of the parameters, such as the severity of hearing loss
based on the estimated PTA, and therefore estimate the posterior predictive distribution
of that function. Following simulation, each iteration of the predicted hearing loss
severity was then summed across Veterans, including those Veterans with hearing tests to
achieve a total count of Veterans with hearing loss (i.e., summed predicted and
calculated). A histogram of overall sample iterations is the estimated posterior

distribution of the prevalence of hearing loss by severity.

Figure 3.3 displays the posterior predictive distribution of the prevalence of hearing loss
by hearing loss severity. Each panel shows the probability density function for the normal
errors model (black, solid line) and the log-normal errors model (red, dashed line) as well
as the estimates consistent with the 5™ 50™ and 95 percentiles of the distribution. The
top panel reflects the prevalence of any hearing loss. The next three panels reflect the
prevalence of hearing loss by severity: mild, moderate, and severe. We estimate the
prevalence of any hearing loss among Veterans recently separated from the military who
use VA health care to be 10.6% and we are 90% certain that the true prevalence ranges
from 7.8-19.9%. The prevalence of mild, moderate, and severe hearing loss was
estimated to be: 9.5% (90% credible interval: 6.9-16.7%), 1.0% (0.7-2.9%), and 0.14%
(0.12-0.32%), respectively. It is obvious from these estimates that the vast majority of

hearing loss is mild. While the estimated prevalence of hearing loss severity is similar
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between the two models, the log-normal model does estimate a slightly higher prevalence
of moderate and severe hearing loss (1.0% and 0.14%, respectively) compared to the
normal errors model (0.5% and 0.12%, respectively). Though these are incremental
increases in the estimated prevalence, it reflects a doubling of the counts of Veterans with
moderate and severe hearing loss. The observed prevalence of hearing loss based on the
VA-user sample with hearing tests (Figure 3.3, vertical grey dashed line) fell within,
although toward the upper bounds of, the Bayesian 90% credible interval for any severity
of hearing loss and for mild hearing loss. However, the estimates for moderate and severe
hearing loss from the VA-user sample with a hearing test were outside the estimated

credible intervals.
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Figure 3.3. Probability density function representing the range of prevalence values from the

posterior predictive distribution
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Figure Legend: Panels from top to bottom represent: Any Hearing Loss, Mild Hearing Loss, Moderate
Hearing Loss, and Severe Hearing Loss. The 50" percentile prevalence estimate along the 5-95 range is
displayed in each panel from the posterior predictive distribution. The dashed gray line indicates the
prevalence estimate from the VA-user sample of Veterans with a hearing test.
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3.5. Discussion

Hearing loss is a recognized problem in the VA health care system with a sizeable social

and economic cost.”’

The extent of the hearing loss burden in the VA has been estimated,
but not always well described or quantified. We used national VA hearing health care
data and primary collected research data to estimate the prevalence of hearing loss by
severity among a sample of Veterans, regardless if they had a clinical hearing test. Based
on our results, we are 90% certain the true value of the prevalence of hearing loss (PTA
>25 dB HL at 500, 1000, 2000, and 4000 Hz) lies between 8 and 20%, and our best
approximation of prevalence is 10.6%, as estimated using Bayesian logic. Among those
with hearing loss, the vast majority were mild, which was expected and consistent with
other research in non-military occupations.!'® To our knowledge, this is the first study
that quantified the prevalence of hearing loss by severity among all post-9/11 Veterans
recently separated from the military and that use VA health care. This study highlights
the high prevalence of hearing loss among Veterans coming into the VA health care
system and the need for continued promotion of hearing health, hearing loss prevention
efforts, and early intervention. This aligns with the Department of Veterans Affairs

strategic plan to “anticipate the needs and provide quality benefits, care, and services” as

individuals transition from military service to Veterans status.!'!”

Given that only 18% of the VA-user sample had received a hearing test, our findings
suggest that there is considerable potential for bias in prevalence estimates that rely
solely on the availability of a clinical audiogram. Among Veterans with a hearing test, we

observed 13,743 (15.9%) individuals with hearing loss. Considering 82% of Veterans did
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not have a hearing test, this is an undercount. However, the ability to extrapolate
prevalence estimates to those in the VA-user sample without a clinical hearing test for the
purposes of estimating the number of Veterans with hearing loss relies on the assumption
that Veterans with a hearing test are like those without a hearing test. Put another way,
health care records must be missing at random to generalize results to the broader VA-
user sample. However, missing administrative health care records are not random and,
often, records with more data are more representative of sick individuals than healthy
ones.''®1!% To overcome this potential source of bias, we used a Bayesian approach
within a multilevel framework. Doing so allowed us to produce a revised estimate of the
prevalence of hearing loss and, thus, a more accurate estimate of the number of Veterans
with hearing loss entering the VA health care system. A Bayesian prevalence estimate of
approximately 10.6% suggests that 50,382 Veterans entered the VA with hearing loss
over about a 6-year period (about 8,400 per year), although this figure could be as low as
37,074 or as high as 94,586. Given the high prevalence of hearing loss in this group of
Veterans, this is potentially a substantial burden. Extracting only audiometric thresholds

among those with a hearing test missed 63-85% of probable hearing loss cases.

Past estimates of the prevalence of hearing loss in post-9/11 Veterans derived from
diagnostic codes ranged from 13% to 19%.”®7° These previous estimates are within our
estimated prevalence credible interval of 8-20%, although toward the upper end. In the
absence of audiometric data, estimates of the prevalence of hearing loss derived from
diagnostic codes could serve as an upper bound of the prevalence. Similarly, we observed

greater prevalence of hearing loss in men than women, which is consistent with recent
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literature estimating the prevalence in post-9/11 Veterans.”®” As the number of women
Veterans who seek VA health care services continues to increase in the years ahead, it
stands to reason that the overall proportion of hearing loss among VA users will slightly

decrease.

A natural extension of the model reported herein is the transportability to future Veteran
cohorts entering the VA health care system. We used a Bayesian logic to provide a
formal mechanism of combining sources of information to make predictions. The extent
to which this model is accurate depends on the extent to which the population that we
wish to predict and the population on which the predictions are based are similar.
Furthermore, as long as the effects of age, sex, and service branch on hearing loss are the
same, then this model can be used to predict the severity of hearing loss among future
cohorts of Veterans that are lacking a clinical audiogram and summarized across

Veterans to estimate the overall prevalence of hearing loss by severity.
3.5.1. Strengths and Limitations

Strengths of this study include the use of audiometric threshold data and a novel
approach to estimate the prevalence of hearing loss in Veterans. We used multilevel
regression with poststratification to maximize the utility of research data combined with
electronic health record data to estimate the prevalence of hearing loss by severity in the
entire user population. The multilevel regression with poststratification is applicable in
many public health settings and can enable researchers to make better use of
administrative data to facilitate insights into the prevalence of specific conditions and to

improve services for those conditions. This method can help draw inferences about the
49



population where data are sparse. To our knowledge, this approach has been used

limitedly in public health and has never been used in hearing health.!'!?

There are, however, limitations to the multilevel regression with poststratification
approach and our application of it in this study. In the absence of exposure data and
audiograms at the end of service, hearing impairment caused by military service can only
be inferred. This inference was strengthened by limiting the audiogram to within 2.5
years of service separation. Another limitation is that our definition of hearing loss,
though commonplace, is conservative. Our definition includes only audiometric
frequencies up to 4000 Hz. Higher frequencies (6000 and 8000 Hz) are not included,
which might have lowered the hearing loss prevalence estimates. Additionally,
prevalence estimates of moderate and severe hearing loss are likely underestimates, with
true prevalence likely higher than those shown here. Our log-normal errors model was
implemented in an attempt to better capture the right-skewed nature of PTA data, but our
estimates are still likely to be conservative. Finally, these models are difficult to
externally validate. Hearing threshold data among all Veterans that allowed for direct

estimation would be preferable, albeit logistically infeasible.
3.5.2. Implications

Knowing the number of Veterans with hearing loss by severity allows the VA to plan for
resource allocation for hearing health care services for Veterans. Given the high
prevalence of hearing loss in this group, there is likely substantial burden. We
recommend that the VA investigate approaches to promoting healthy hearing among

recently separated Veterans. From a clinical and rehabilitation perspective, mild hearing
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loss can impose difficulties in everyday life and mild hearing loss during early life years
can culminate in decreased functioning and quality of life during older ages.!!® Hearing
health promotion and hearing loss prevention strategies could include education,
screening, and early intervention. Promotion efforts should include early discussions with
Veterans about the importance of maintaining good hearing health. Efforts should also be
placed on mitigating further hearing loss through early detection of hearing loss by
annual audiometric testing and intervention. Although hearing loss is typically
permanent, Veterans with hearing loss can benefit from aural rehabilitation mechanisms,
such as hearing aids, and by adopting compensatory strategies to optimize

communication.
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4.1. Abstract

4.1.1. Objective

Auditory impairments, particularly those resulting from hazardous occupational noise
exposures, are pressing concerns for the US Departments of Defense (DoD) and Veterans
Affairs (VA). However, to date, no studies have estimated the rate of hearing-threshold
change that occurs during service or how changes may vary by military occupation.
Hearing-threshold changes during military service have historically been reported as the
proportion of Service members demonstrating a significant threshold shift. This approach
does not capture the rate of the hearing-threshold change or the specific audiometric
frequencies impacted. Determining the rate of hearing-threshold change, and factors that
affect the rate of change, is important to elucidate the impact of military service on
hearing and to guide prevention strategies and subsequent hearing health care. Our
primary objective was to estimate the annual rate of hearing-threshold change during

military service as a consequence of military occupational noise exposure ranking.

4.1.2. Design

We linked audiometric data, collected from military personnel as part of a DoD hearing
conservation program (HCP), to data describing demographic and military-service
characteristics obtained from individuals enrolled in the Noise Outcomes In
Servicemembers Epidemiology Study. The analytic cohort included Veterans who
enlisted in military service after September 2001 (n=246). We examined the longitudinal

association between military occupations categorized as having a low, moderate, or high
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noise exposure ranking and pure-tone hearing thresholds (500-6000 Hz) using a
hierarchical linear model. The average annual rate of hearing-threshold change and their
95% confidence intervals were estimated by service branch, military occupational noise

exposure ranking, and audiometric test frequency.

4.1.3. Results

On average, hearing-threshold change ranged between -0.5 and 1.1 dB/year and changes
over time varied by service branch, audiometric test frequency, and military occupation
noise ranking. Generally, higher test frequencies (3000-6000 Hz) and military
occupations with moderate or high noise exposure rankings had the greatest average
annual rates of hearing-threshold change; however, no dose-response relationship was
observed. Among Marine Corps personnel, those exposed to occupations with high noise
rankings demonstrated the greatest average annual rate of change (1.1 dB/year at 6000
Hz). Army personnel exposed to occupations with moderate noise rankings demonstrated

the greatest average annual rate of change (0.6 dB/year at 6000 Hz).

4.1.4. Conclusions

This study (1) demonstrates the unique use of DoD HCP data, (2) is the first analysis of
hearing threshold changes over time using such data, and (3) adds to the limited literature
on longitudinal changes in hearing. The difference in hearing-threshold changes across
military branches is likely indicative of their varying noise exposures, hearing protection
device use and enforcement, and surveillance practices. Results suggest Marine Corps

and Army personnel are at risk for accelerated hearing-threshold changes and that, among
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Army personnel, this is most pronounced among those exposed to moderate levels of
occupational noise exposure. Estimates of the rate of hearing-threshold change by
frequency and factors that impact hearing are useful to inform the DoD’s efforts to
protect the hearing of their Service members and to the VA’s efforts to identify and

rehabilitate those most likely to experience hearing-threshold change.
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4.2. Introduction

This paper presents the estimates of the annual rate of hearing change during military
service as a consequence of military occupational noise exposure ranking. This issue is
important because hearing loss is often an unfortunate consequence of military service
and is an important concern for the US Departments of Defense (DoD) and Veterans
Affairs (VA). For active duty Service members, hearing loss makes it difficult to engage
in war fighting and to perform job tasks, thereby impacting fitness for duty.!? It is also
associated with many adverse health outcomes including unintentional injuries, falls,
social isolation, depression, cognitive decline, hospital readmissions, and increased health
care costs.>>3-28:30-323436.120 1 2019, over 1.3 million Veterans were service connected for
hearing loss and a portion received disability compensation, an economic burden for the
VA health care system.’ Hearing loss acquired during military service can lead to a
lifetime of consequences for Service members and Veterans.?’ Understanding the
longitudinal trends in hearing thresholds among military personnel may inform

prevention and rehabilitation strategies, leading to increased quality of life.

Noise exposure is the primary cause of hearing loss among military personnel and it has
been suggested that all military personnel will be exposed to hazardous levels of noise at
some point during their time in service.® Acknowledging the risk of hearing loss and
potential downstream consequences, the military engages in audiometric surveillance to
abate and mitigate auditory injury.*>!21122 The development of noise-induced hearing
loss in the military has been described primarily on the basis of a calculation referred to

as significant threshold shift (STS), a clinically meaningful hearing-threshold change
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compared to a baseline hearing test.®>?! Meaningful hearing-threshold changes are
reported as rates of STS occurrence. Population STS data are an important metric used
for measuring the effectiveness of hearing conservation programs (HCPs). For instance, a
report by the US Army noted the incidence rate of STS among Soldiers in 2013 was 1.7%
per year and had remained relatively constant from 2009-2013.%° No study to date has
examined how slowly or rapidly hearing thresholds change at both an individual level or
a population level in relation to military noise exposure. Rate of hearing-threshold change
might be especially relevant, given the link between early noise exposures and

accelerated age-related hearing loss later in life.!?%!24

The military consistently strives to improve its hearing conservation efforts. In general,
the DoD is shifting away from audiometric surveillance of only individuals deemed ‘at
risk’ for noise exposure to a broader population-health approach, encouraging the
ongoing audiometric surveillance of hearing among all military personnel.5%!?? In part,
this programmatic change is warranted due to the notion that all Service members will be
excessively exposed to hazardous noise at some point during their military career.®
However, there remain inconsistencies in various military strategies between service
branches for HCP implementation and oversight, audiometric surveillance, and hearing
protection.!?> For example, it has been suggested the hearing protection compliance and
enforcement may vary based on noise exposure level, thus placing military personnel at

risk for hearing-threshold changes.!?’

The aim of this study was to estimate the average annual rate of hearing-threshold change

during military service for individuals enrolled in the Noise Outcomes in
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Servicemembers Epidemiology (NOISE) Study and who served after September 2001.!%
Importantly, the analysis was designed to assess the variability in the average hearing-
threshold change by occupational noise exposure. A deeper understanding of the rate of
hearing-threshold change, and the factors that influence the development of hearing-
threshold change, are important to clarify the impact of military service on hearing, guide

preventions strategies, and administer subsequent care.
4.3. Methods
4.3.1. Data Sources

To estimate the annual rate of hearing change during military service, we require a
dataset with details about military occupational noise exposure and audiometric
thresholds collected over time. Such a dataset does not exist but can be constructed
through the joining of two disparate data sources: (1) The NOISE Study, and (2) Defense
Occupational and Environmental Health Readiness System - Hearing Conservation

(DOEHRS-HC) data repository.

NOISE Study. The NOISE Study is a longitudinal investigation into the effects of military
and non-military exposures on auditory functioning among post-9/11 Service members
and Veterans.!% Individuals are eligible to participate in the NOISE Study if they are
active duty or within about 2.5 years from separation. Two sites are enrolling study
participants, the National Center for Rehabilitative Auditory Research (NCRAR), located
at the VA Portland Health Care System in Portland, Oregon and the DoD Hearing Center

of Excellence on Joint Base San Antonio, in San Antonio, Texas; in the current study,
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only NCRAR-based participant data were used. Potential study participants were
excluded if they did not serve post-9/11 or had been separated for more than 2.5 years
from military service. Study participants undergo a comprehensive audiologic assessment
and complete numerous questionnaires measuring demographics and relevant military

and non-military exposures.'%

The military occupational history of study participants served as the basis for assigning a
noise exposure category (defined below). Individuals were asked to note each military
occupation held during service, and the timing and duration of each job held. Only
military service occupations occurring within the first “continuous service period” were
considered. Continuous service period is defined as having no breaks greater than one
month during service. For example, if an individual had enlisted for six years, left the
military, and then re-enlisted two years later, only data from the first six years of that
individual’s service period were used for analysis. This focused our analyses on military
personnel’s initial service periods because we were unable to account for noise exposures
that may have occurred between service periods. For military personnel still enlisted, the
end of service is defined as the date of enrollment into the NOISE Study. The study was
reviewed and approved by the Institutional Review Board of the VA Portland Health
Care System. Informed consent is obtained from all individuals prior to data collection,

and study participants are compensated for their effort.

DOEHRS-HC. In the military, audiometric surveillance is conducted using the Defense
Occupational and Environmental Health Readiness System - Hearing Conservation

(DOEHRS-HC).!'?? The DOEHRS-HC system, which was implemented in 2000, collects,
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maintains, compares, and reports audiometric thresholds for DoD personnel. Currently,
each branch of service (Air Force, Army, Marine Corps, Navy) and component (Active
Duty, National Guard, Reserves) utilizes DOEHRS-HC to monitor the hearing health of
its personnel and is an integral component of the DoD HCP. Most generally, audiometric
surveillance occurs when military personnel are routinely exposed to hazardous levels of
noise, just prior to and following combat deployments, and when separating from the

service.

Over the time-period examined (2001-2017), the DoD HCP underwent changes.
Originally cast as a risk-based conservation program, military personnel were only
enrolled if they were deemed noise-exposed (i.e., at or above 85 dB A-weighted as an 8-
hour time weighted average; impulse noise of >140 dB peak sound pressure level; or
ultrasonic exposures).® In addition to audiometric surveillance, military personnel in the
HCP are required to receive hearing protection fitting and hearing loss prevention
education. In 2006, the Army began tying hearing readiness and fitness for duty to the
audiogram which increased compliance with annual audiometric testing. The program
was also expanded to include all Army personnel, effectively elevating the HCP to
population level surveillance; the Marine Corps followed suit in 2012.%!%5 The Navy and
Air Force have yet to implement these programmatic changes. Additional policies may
exist between branches. As such, the total number of audiograms per individual was
expected to vary based on their military service, including branch, component,

occupational specialty, and whether a hearing-threshold shift was observed.
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Analytic Sample. Through approved data use agreements between the VA and DoD, we
received DOEHRS-HC audiograms for the first 367 NOISE Study participants enrolled at
the NCRAR site. The audiograms were linked using name and social security number
with NOISE Study participant data. We restricted the analysis to individuals who served
only after September 2001 because this date aligns with the inception date of the
DOEHRS-HC data repository (2000) and the beginning of the most recent series of
military conflicts. These restrictions reduced our available sample to 246 study
participants. These 246 participants provided data from 2,615 audiograms between
October 2001 and June 2017, the date of data extraction. Formation of our analytic

sample is displayed in Figure 4.1.
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Figure 4.1. Flow chart depicting entry into the analytic sample.

NOISE Study Participants
n=367

17 Study participants missing DOEHRS-HC data

* 10 men, 7 women

« 2 Army, 1 Marine Corps, 0 Navy, 13 Air Force,
1 Coast Guard”

+ 14 Active duty, 3 Guard, 0 Reserve

Y

Study participants with at least
1 DOEHRS-HC audiogram
n=350

Study participants excluded:
+ Service prior to October 2001 (n=104)

Y

Study participants serving only
post-9/11 with at least 1
DOEHRS-HC audiogram
during service
n=246

4.3.2. Cumulative occupational exposure to military noise

Capturing military noise exposure information is especially challenging because military

personnel work in large and acoustically diverse environments and perform a wide

spectrum of operations and tasks, resulting in complex noise exposure patterns.

Furthermore, quantitative dosimetry measurements are not easily accessible, which forces

epidemiologic exposure assessment to be ascertained by self-report or through expert

opinion. For measurable hearing-threshold change, the noise exposure has already
62



occurred. It is thus necessary to estimate past exposures, where individual-level noise
exposure was not measured. Retrospective assessment of exposures for epidemiologic
purposes adds another layer of measurement complexity. Self-reported noise exposures
create study validity problems to the extent that individuals with symptoms such as
hearing difficulties and/or tinnitus, or knowledge of hearing loss in the absence of
symptoms, may overestimate their noise exposure leading to inflated estimates of
exposure-outcome relationships, a type of recall bias. Because of these inherent
problems, retrospective noise exposure assessment via a job exposure matrix may be the

most accurate way to reconstruct past noise exposures.

A surrogate measure of occupational noise exposure is given by a job exposure matrix
(JEM) which ideally combines qualitative (e.g., service branch and occupation
classification) and quantitative (e.g., workplace dosimetry) exposure information. The
JEM used in the VA is the “Duty Military Occupational Specialty (MOS) Noise
Exposure Listing.” The VA JEM categorizes military occupations within each service
branch as having a low, moderate, or high “probability of exposure to hazardous noise.”
The language used by the VA is “probability” and this corresponds to expert opinion
alone. The JEM noise exposure rank was assigned to each military occupation held by
each of the 246 study participants during their military service. Military personnel can be
assigned more than one rank if they held more than one occupation. Table 4.1 highlights
example military occupations and their assigned noise ranking based on the VA JEM.

Using the relation between military occupation and noise exposure ranking (low,
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moderate, high), the number of months in a military occupation becomes a proxy

measure of overall noise exposure.

Table 4.1. Example military occupations and their noise exposure ranking based on the
VA job exposure matrix.

Branch of Service | Occupation Code gzgggzggﬁ Noise Ranking
Army 11B Infantryman High
Navy 78AW Aviation Aircrewman High
Marine Corps 08XX Field Artillery High
Air Force 1A0X1 Flight Engineer High
Army 31B Military Police Moderate
Navy 53ND Navy Diver Moderate
Marine Corps 06XX Communications Moderate
Air Force 1C3X1 Command Post Moderate
Army 65B Physical Therapist Low
Navy 28LS Logistics Specialist Low
Marine Corps 27XX Linguist Low
Air Force INOX1 Intelligence Applications Low

Abbreviations: VA, Veterans Affairs

Cumulative noise exposure to an occupation was determined by each individual’s
audiogram date. As of each audiogram date, we computed the total number of months
held in an occupation with low, moderate, and high noise exposure ranking. Basic
training, which is completed by all Service members, was considered its own exposure
with time exposed based on military service branch (Army = 10 weeks; Marine Corp =
13 weeks; Navy = 8 weeks; Air Force = 9 weeks).!?° At the first audiogram date,
cumulative exposure is the sum of the number of months exposed to basic training.

However, if no audiometric testing took place during basic training, then cumulative

64



exposure is the sum of the number of months exposed to basic training plus the number
of months exposed to an occupation between service entry and the first audiogram date.
Each subsequent audiogram had the same number of months exposed as the earlier
audiogram plus the number of months that occurred between audiograms. An example of
how cumulative noise exposure was determined for a single individual is shown in Figure

4.2.

Figure 4.2 Example of cumulative noise exposure determination for an individual.

1 Cumulative Months Exposed O Date of Audiogram
= Basic Training
2 93 O Occupation with High Noise Ranking
8 Occupation with Moderate Noise Ranking
g 3 193 ©
£
Z 4 30.8 O
%
5 5 43.8 ()
i)
36 60.0 2.D
7 60.0 144 O
8 60.0 27.5 0
| ' | ' | ' | ' | ' | ' | ' | ' |
0 12 24 36 48 60 72 84 96

Time Since Service Entry (months)

Figure legend: Each bar represents the accumulation of exposure to an occupation by the date of the
audiogram. The varying shades of gray denote varying occupations. In this example, the individual was
exposed to basic training noise, an occupation with a high noise ranking, and an occupation with a
moderate noise ranking. Furthermore, they had an audiogram at service entry and a termination
audiogram five months before separating. At the time of the separation audiogram (audiogram number
8), this individual had accumulated noise exposure during three months of basic training, 60 months at
an occupation with a high noise exposure ranking, and 27.5 months at an occupation with a moderate
noise exposure ranking.

The x-axis is time since service entry (in months) and the y-axis is the audiogram index,
ordered from 1=first audiogram, 2=second audiogram, etc. The shaded regions of each

horizontal bar represent the accumulated months of exposure to basic training (dark
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gray), an occupation with a high noise exposure ranking (medium gray), or an occupation
with a moderate noise exposure ranking (light gray). An open circle indicates the
audiogram date. In this example, the individual received an audiogram at service entry
and therefore had accrued 0 months of military noise exposure. At the second audiogram,
approximately 1 year after service entry, this individual had accrued 3 months of
exposure to basic training and 9.3 months to a military occupation with a high noise
exposure ranking. They then switched to an occupation with a moderate noise exposure
ranking just before their 6" audiogram. At this time, cumulative exposure was calculated
as 3 months of basic training, 60 months in a military occupation with a high noise
exposure ranking, and 2.7 months in an occupation with moderate noise exposure
ranking. The key point is that for each audiogram date, the effects of military

occupational noise exposure are given by all the exposures up to that date.

Estimating the association between noise exposure and hearing-threshold change depends
on the quality of the noise exposure assessment. The estimate can be biased if military
personnel are misclassified with respect to their noise exposure status. Incorrect exposure
measurements can dilute or exaggerate the relevant associations. To examine the
potential for misclassification, VA JEM rankings were compared to participants’ self-
reported occupational noise exposure, obtained retrospectively during NOISE Study
participants’ baseline data collection. Study participants were asked how often they were
exposed to loud noise during their occupation (response scale: never, several times a
year, several times a month, several times a week, daily). Concordance between the JEM

ranking and self-reported loud noise exposure was examined in tabular format using
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counts and proportions; this comparison is displayed in Table 4.2. There were 299 total

occupations among the 246 study participants. Table 4.2 shows general concordance

between the VA JEM noise rankings and self-reported noise exposure. Military personnel

in occupations with a high noise exposure ranking generally reported daily and weekly

exposure to loud noise, whereas personnel in occupations with low noise exposure

rankings generally reported yearly or monthly exposure to loud noise. Additionally, no

military personnel reported never having loud noise exposures. All occupations were

reported to have loud noise exposures at least several times a year. The broadly similar

results between the two different exposure methods increases our confidence that the

noise exposure categories were accurately assigned.

Table 4.2. Self-reported frequency of exposure to loud noise by job classification noise
exposure ranking®

. Self-Reported Frequency of Loud Noise Exposure

Occupation
Noise Exposure Several Several Several
Rankin Never Times a Times a Times a Daily Total

& Year Month Week
Low 0 (0%) 22 (29.7%) |20 (27.0%) | 16 (21.6%) | 16 (21.6%) 74
Moderate 0 (0%) 12 (15.8%) | 12 (15.8%) |24 (31.6%) | 28 (36.8%) 76
High 0 (0%) 18 (12.1%) | 28 (18.8%) |33 (22.2%) | 70 (46.0%) 149
Total 0 52 60 73 114 299

Data displayed as n, (%)

2 Includes 299 military occupations for 246 NOISE Study participants

4.3.3. Puretone Hearing Threshold Outcomes

The audiogram is the outcome and unit of analysis. The audiogram is composed of air-

conducted hearing thresholds recorded in dB HL in both the right and left ears at six test

frequencies: 500, 1000, 2000, 3000, 4000, 6000 Hz. Occasionally, an individual had

67




repeat audiograms administered on the same day to confirm suspected hearing threshold
shifts. When this occurred, only the last audiogram of the day was used. Audiograms
associated with self-reported ear, nose, or throat problems were excluded from analysis
(n=34 audiograms from n=15 individuals). Audiometric data were collected in a certified
sound booth with equipment calibrated according to ANSI S3.1-1999 (R2003) and ANSI
S3.6-2010 (R2004) standards by trained personnel (audiologists or audiometric
technicians).!”” No individual had hearing threshold responses that exceeded the limits of

the audiometer.
4.3.4. Covariates

Characteristics of the sample were obtained from both the DOEHRS-HC data repository
and the NOISE study questionnaires administered at the time of study enrollment. Age
and service branch (Army, Marine Corps, Navy, Air Force) were collected at the time of
the audiogram and obtained from the DOEHRS-HC data repository; these variables were
used in our statistical model (described below). To characterize our analytic sample, we
used age and service branch information obtained at the time of enrollment in the NOISE
Study. Sex (male/female), race/ethnicity (white/other than white), enlistment duration,
service component (Active, Reserve, National Guard), number of deployments (0, 1, 2, 3

or more), and number of military occupations were also derived from the NOISE Study.
4.3.5. Statistical Analysis

The overall goal of analysis was to estimate the average annual rate of hearing-threshold

change during military service among post-9/11 Veterans by military occupational noise
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exposure ranking. Pure-tone thresholds are expected to naturally vary among individuals,
between ears within the same individual, and across frequencies within ears of the same
individual. We estimated the average annual rate of hearing-threshold change using
results of a hierarchical linear model (HLM), accounting for the natural variability in
pure-tone th