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Abstract of Dissertation

Evaluating health reform with publicly available data:
Establishing a methodological framework to assess over-the-counter hearing aids

The complexity of health systems, coupled with the unpredictability of reform,
presents significant challenges. As the worldwide population ages, policymakers have

become increasingly focused on addressing common age-related chronic health

conditions, such as hearing loss, through new reform. Untreated hearing loss is associated

with adverse health and social consequences, and unfortunately, for many Americans,
hearing aids have long been out of reach due to cost and accessibility. The recent
introduction of over-the-counter (OTC) hearing aids aims to address these barriers. By
leveraging publicly available health data, this research provides a methodological
framework to identify and analyze the target population of this new reform. Using data
from adults who took part in the 2021 National Health Interview Survey (NHIS), a
retrospective cohort analysis was conducted to examine hearing aid utilization. NHIS
core questionnaire responses were used to define three distinct groups: those who use
hearing aids (Active), those who might benefit from them (Potential), and the general
population (General). To assess and characterize these groups, a population health
framework was established, with six domains and 43 determinants. Through binary
logistic regression, the framework was found to successfully distinguish between groups
(Active vs. Potential users and Active users vs. General population) and identify which
determinants most influenced hearing aid adoption. Then classification and regression
tree (CART) analysis demonstrated the ability to effectively predict hearing aid users
while also confirming the key determinants as important predictive factors. These
findings aligned with literature published before OTC hearing aids were made available,
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validating the NHIS as a reliable and representative data source. This approach provides a
foundation to be repeated to examine the impact of OTC hearing aids in the post-

implementation period. Similar approaches should be taken to evaluate other emerging

health reforms.
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1 Introduction

The contents of this dissertation appear in Kruger, S. E., Sarkani, S., & Mazzuchi,
T. A. (2024), which was submitted and published in accordance with the requirements for

the degree of Doctor of Philosophy in Systems Engineering.

1.1 Background

Health systems are complex due to their dynamic nature and critical service
requirements (Lipsitz, 2012). They include multiple independent components which
interact nonlinearly and while the goal is to promote health by providing quality health
services, increased complexity means that care can unfold in ways that cannot be
predicted, even when the individual components are known (Braithwaite, 2018; Lipsitz,
2012). With an aging global population and mounting concerns about health access, the
growing complexity within health systems is evident through rapidly changing service
delivery models and the implementation of new health reforms. This is especially true in
the United States (US) where the number of Americans over 65 years of age is expected
to reach more than 80 million by 2040 (Vespa et al., 2020). Given the correlated rise in
chronic health conditions anticipated among older adults, new federal regulations and
public health policies have become a priority for policymakers.

Health reform aims to change the way health care is organized, financed, and/or
delivered to improve the accessibility, affordability, and overall quality of health services
(Obama, 2016; Reich et al., 2023). New reforms introduce uncertainty into the existing
complexity of health systems because their effect on current systems and services is
unknown at the onset. This makes evaluating post-implementation impact a challenge,

especially since many health reforms are politically driven, with stakeholders who



include both critics and proponents. While there is no single way to evaluate reform, the
value or impact is often viewed and reported from the stakeholder perspective, which can
vary broadly between those responsible for implementing new policies (i.e.,
policymakers and funders) and those providing and receiving services (i.e., clinical
providers and patients) (Braithwaite et al., 2011; McPake & Kutzin, 1997). However, this
raises concern about reporting bias, especially for reforms involving specialty care
services or new health technologies, including wearable devices, which have the potential
to improve and/or disrupt existing health practices altogether (Craig et al., 2021). With
health misinformation, “information that is contrary to the consensus of the scientific
community”’, becoming more and more of an issue, empirical research to derive
evidence-based methodologies and metrics is necessary to assess policy impact (Swire-
Thompson & Lazer, 2020).

Unlike specific measures of success or failure chosen to support stakeholder
priorities, a population health approach will provide greater insight into policy impact by
defining and measuring health outcomes to justify the refinement of current policies
and/or drive future reform. Most health reforms have an intended group or target
population that is meant to benefit, especially if a new medical intervention is being
introduced or initiated. Population health frameworks use relevant variables, across
multiple domains, to examine health outcomes and their distributions within the target
population (Kindig & Stoddart, 2003). Such frameworks provide a foundation to
conceptualize health outcomes as well as patterns of health determinants. However, to

assess change over time, representative data from reliable sources and trusted entities are



necessary. Unfortunately, there is limited guidance about where to find and access routine
health data (Clarke et al., 2019).

Health data is being prioritized in many countries. In the US, through the Healthy
People 2030 (HP2030) initiative, dozens of open data sources have been identified as
representative and complete (Office of Disease Prevention and Health Promotion, 2024).
Many are produced by the National Center for Health Statistics (NCHS), a unit of the
Centers for Disease Control and Prevention (CDC), which has public-use data files that
examine vital health records as well as population and provider surveys (Centers for
Disease Control and Prevention, 2023). These datasets are broad and not focused on a
single issue, with samples designed to be representative of the US population. Using
hearing health as a use case, this research sought to demonstrate how data collected and
made publicly available through the NCHS could be used to establish a methodology to
assess the target population of a recent health reform focused on the treatment of hearing

loss.

1.2 Research Motivation

Over 1.5 billion people globally, including more than 37 million people in the US,
experience some degree of hearing loss (World Health Organization, 2021b). While
hearing loss affects people of all ages, it is the third most common chronic condition
among older adults, impacting more than 60% of individuals over 70 years of age, and
based on current aging trends, the number of Americans with hearing loss is expected to
double by 2060 (M. Barnett et al., 2017; McKee et al., 2018; Goman et al., 2017).
Despite this high prevalence, utilization of hearing health care is limited, with less than

25% of those who need hearing aids receiving them and unfortunately, untreated hearing



loss has been linked to negative physical, cognitive, and emotional consequences
(Kochkin, 2009; Slade et al., 2020). A hearing aid is a medical device to assist with
hearing loss and is worn behind the ear or in the ear canal (Food and Drug
Administration, 2023). In the US, affordability and accessibility have been significant
barriers to hearing aid utilization because devices were only available with a prescription,
through licensed hearing health professionals (i.e., audiologists, otolaryngologists, and
hearing aid specialists) and the associated costs were not routinely covered by health
insurance or Medicare (F. R. Lin & Chadha, 2023; Willink et al., 2019).

To address the aforementioned barriers, the Over-the-Counter Hearing Aid Act was
passed by the US Congress in 2017. The intent of this legislation was to offer adults with
mild-to-moderate hearing loss an opportunity to purchase hearing aids on their own and
at a lower cost by mandating that the Food and Drug Administration (FDA) establish a
new category of over-the-counter (OTC) hearing aids (Warren & Grassley, 2017). In
August 2022, the FDA issued the final rule which established a new class of medical
devices, and effective October 17, 2022, OTC hearing aids became publicly available, as
an alternative to prescription hearing aids (Stephenson, 2022). These devices can now be
purchased online and in stores without a hearing evaluation or prescription from an
audiologist or license hearing health professional (Food and Drug Administration, 2023;
Manchaiah, Swanepoel, et al., 2023). However, this means that consumers must self-
identify their hearing loss (typically through an online screener or mobile application),
consider the available device options, and then choose an appropriate device on their
own. This new direct-to-consumer service delivery model also bypasses additional

services, including hearing aid fit and optimization, which have traditionally been



bundled with prescription hearing aids when purchased through an audiologist (Valente,

2006). Additionally, those who choose OTC hearing aids must learn to adjust and

troubleshoot their device(s) by using a mobile application on a smartphone or other

Bluetooth device. Table 1.1 highlights how devices differ (F. R. Lin & Chadha, 2023;

Manchaiah, Swanepoel, et al., 2023; Valente, 2006; Willink et al., 2019; World Health

Organization, 2021b).

Table 1.1. Comparison of prescription and OTC hearing aids (adapted from Kruger et

al., 2024)

Prescription Hearing Aids

Over-The-Counter Hearing Aids

Intended User

O
N

® Any age
e Mild, moderate, severe, or profound hearing loss

Diagnosis & Tes

o Conducted by hearing health professional
o Assessment may include specialized equipment
o Objective outcomes determine need

oY
X —
x=

o 18+ years of age
o Mild or moderate hearing loss

ting
o Self-perceived hearing loss

e No testing required
* Non-diagnostic screeners available online or mobile app

Selection & Design

e Recommendation from hearing health professional
o Full range of options including custom fit

2

e Chosen and purchased through self-determination
o One-size-fits-most sizing

Fit & Optimization

o Conducted by hearing health professional
e Remote or in-person customer support provided

e Varies widely
o $2k - $8k per device

&)

-]
=]
=
(<]
o

—

o Select/adjust settings through mobile app
e Troubleshoot through mobile app

e Varies widely
e $200 - $2k per device

1.3 Problem Statement

While shifting from the traditional provider-driven model to a direct-to-consumer

service delivery model should reduce barriers by making hearing aids more accessible

and affordable, OTC hearing aids may not find immediate acceptance among those

seeking hearing aids (Manchaiah, Swanepoel, et al., 2023; Singh & Dhar, 2023). In fact,

it could be several years before this reform starts to have a real impact. Older adults may
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initially show some resistant to the changing technology and could require continued
assistance from hearing health professionals for both hearing aid fit and optimization
(Blustein et al., 2022). Thus, recent literature recommends that research on OTC hearing
aids be prioritized to better understand the efficacy of these devices as well as their

service delivery models (Manchaiah, Swanepoel, et al., 2023).

1.4 Research Objective

The research in this dissertation leveraged publicly available data to identify,
characterize, and analyze individuals with hearing difficulty who were either active or
potential hearing aid users in the pre-implementation period, those who were the target
population of the new OTC hearing aid reform. The objective was to create a
straightforward methodology, using a representative dataset, to establish a foundational
baseline against which any changes that emerge in the years post-implementation can be
monitored. The ability to track hearing aid utilization over time should illuminate
necessary policy changes and/or drive further reform to improve hearing health services

and health systems.

1.5 Research Questions and Hypotheses

This dissertation expands upon research published in Discover Health Systems
(Kruger et al., 2024). To address the overall objective described above, the following
research questions were formulated and through this work, their hypotheses were
examined.

e Research Question 1: Does the chosen dataset provide a representative sample

of the target population?



— Hypothesis 1: The chosen dataset will be representative of the target
population, with sample distributions aligning with target population
characteristics as described in pre-implementation literature.

e Research Question 2: Can a population health framework be effectively
developed, using publicly available data, to establish the baseline characteristics
of the target population?

— Hypothesis 2: A comprehensive population framework can be developed
and used to effectively establish baseline characteristics of the target
population.

e Research Question 3: Can statistical modeling confirm whether the baseline
framework sufficiently quantifies between group differences?

— Hypothesis 3: Statistical modeling will find that the baseline framework
sufficiently quantifies group differences by distinguishing between
classes.

e Research Question 4: Can statistical modeling identify key variables in the
baseline framework that determine hearing aid utilization?

— Hypothesis 4: Statistical modeling will identify key variables as
significant determinants of hearing aid utilization.

e Research Question 5: Can statistical modeling validate the key determinants of
hearing aid utilization, as important predictors of active hearing aid users?

— Hypothesis 5: A multivariate statistical model will validate the key

determinants as important predictors of active hearing aid users.



1.6 Overview of Dissertation

The remainder of this dissertation is comprised of the following. Chapter 2 provides
a review of the literature to include background about health systems, health reform,
aging populations, chronic conditions, and technical innovations as well as an overview
of hearing loss to provide context and rationale for the new OTC hearing aid rule.
Information about population health frameworks and publicly available health data is also
included. Chapter 3 presents the methodology behind this research, the development of
the baseline population health framework as well as the statistical modeling used to
identify and validate the key determinants of hearing aid utilization. Chapter 4 includes
the results from the applied methodology. Chapter 5 discusses those results, describing
how findings tie back to existing literature while also examining potential limitations.
Finally, Chapter 6 provides conclusions, implications for future research, and final

remarks.



2 Literature Review

2.1 Health Systems

The World Health Organization (WHO), the United Nations agency responsible for
leading and coordinating international health matters, defines health systems as “all
organizations, people, and actions whose primary intent is to promote, restore or maintain
health” (World Health Organization, 2007). They include people (i.e., clinical providers
and patients), institutions (i.e., hospitals and clinics), resources (i.e., financial and
equipment), and processes that are designed to deliver essential health services (Pifia et
al., 2015). Their scope extends beyond the provision of individual medical care to
encompass public health and social well-being initiatives with the aim to improve overall
health by protecting individuals from financial hardship due to healthcare costs and
ensuring equitable access to high-quality health services (Institute of Medicine, 2001;
World Health Organization, 2000).

Health systems are inherently complex, with a numerous interacting components,
stakeholders, and external influences (Lipsitz, 2012). According to the WHO, a well-
functioning health system includes: “service delivery, health workforce, health
information systems, access to essential medicines, financing, and governance” (World
Health Organization, 2007). These components must work together to achieve system
objectives because change in any one area can cause cascading effects throughout the
entire system (Braithwaite et al., 2021). Nonlinear interactions between components can
lead to unexpected and often unpredictable outcomes, known as emergent behaviors,
which necessitate frequent adaptations within health systems (Braithwaite, 2018; Lipsitz,

2012).



The complexity within health systems is compounded by the involvement of
numerous stakeholders involved because of their distinct roles, responsibilities, and
incentives (MacGregor & Bloom, 2016). These stakeholders include patients, clinical
providers and other medical professionals, government entities, policymakers, payers
(i.e., private insurance companies), pharmaceutical and medical device manufacturers,
researchers, professional organizations, and patient advocacy groups (Unger & Hillsman,
2024). Given their diverse needs and competing interests, decision-making within health
systems can be a real challenge. Balancing these different priorities requires robust
governance and regulatory mechanisms, but even with these structures in place, conflicts
and inefficiencies can arise (Leviton & Melichar, 2016).

External factors such as economic, social, and political conditions can also
contribute to health system complexity (World Health Organization, 2009). In a
systematic review of literature from 2008-2017, the economic recession in the European
Union was found to increase inequalities among some social groups, due to reduced
health access and quality of care which were likely affected by budget cuts (Recio et al.,
2022). Inequalities have been reinforced by studies that have focused on social
determinants of health, such as poverty, education, and living conditions, which affect
both the demand for health services and the system's ability to respond effectively to
those in need (Chelak & Chakole, 2023; Jayasinghe, 2015). Additionally, political
instability or policy changes at the national level can lead to further complications by
introducing new regulations, priorities, and funding (Kruk et al., 2018). The legal and
regulatory frameworks that govern health systems vary considerably across countries and

regions, encompassing regulations that range from national healthcare policies to local

10



implementation guidelines, which can either enhance or impede healthcare delivery,
access, and financing (World Health Organization, 2000).
2.2 Health Reform

Health reform is a process aimed at improving the performance of health systems
by implementing “sustained, purposeful, and fundamental” changes in policies,
regulations, and practices (Berman, 1995; Marusi¢ & Prevolnik Rupel, 2016). Reform
focuses on ensuring better access to healthcare, improving the quality of services,
increasing efficiency, and promoting equity and financial sustainability (Kutzin, 2013;
Roberts et al., 2008). It has been proposed that reform occurs at four policy levels (Frenk,
1994). Systemic reform involves reconfiguring the institutional arrangements for
financing, regulation, and service delivery to improve health system performance (World
Health Organization, 2007). Programmatic reform defines system priorities by
establishing healthcare service packages (i.e., universal health coverage) to improve
equity and access (World Health Organization, 2010b). Organizational reform focuses on
improving service delivery models by establishing processes such as quality assurance
programs (Frenk, 1994; Roberts et al., 2008). Instrumental reform uses information
gathering, research, technological innovation, and the development of human resources to
improve system performance (Frenk, 1994).

In the US, health reform is often politically driven which can be both contentious
and controversial (McDonough, 2014). So the path to effective health reform is rarely
straightforward, requiring healthcare leaders and policymakers to maintain a delicate
balance between competing interests, resource constraints, and the imperative to maintain

essential services while also implementing change (Frenk, 2010). Whether a new reform

11



is being planned or enacted at the national or local level, evidence-based policymaking,
stakeholder engagement, and flexible implementation strategies are usually necessary for
the reform to be successful (Pawson et al., 2005). That said, during the implementation of
large-scale changes, new initiatives often introduce uncertainty into health systems
because of stakeholder resistance, organizational barriers, and other logistical challenges
(Nilsen et al., 2020). Implementation uncertainty is often accompanied by outcome
uncertainty, given that outcomes are not typically known at the onset of reform and may
be difficult to predict in order to estimate the potential the long-term effects on
population health, quality of care, and system efficiency (World Health Organization,
2009).

In the coming decades, additional uncertainty is likely and will undoubtedly
contribute further to the existing complexity within health systems. Healthcare leaders
and policymakers already anticipate that the health systems will be further strained by
challenges posed by aging populations, the increasing prevalence of chronic health
conditions, and the integration of rapidly evolving technological innovations. To address
these challenges, which currently represent the critical drivers of healthcare demand and
system transformation, they will need to work together to develop more resilient and
effective strategies to improve health system performance.

2.2.1 Aging Populations

The global population is undergoing a significant demographic transformation,
characterized by an aging population driven by increasing life expectancy and decreasing
birth rates (Khavinson et al., 2020). In recent decades, the proportion of adults older than

65 years has been steadily rising in most industrialized and developing nations (Lutz et

12



al., 2008; National Research Council, 2001; Rowe et al., 2016). This trend is expected to
accelerate, with the number of older adults projected to double between 2019 and 2050
(United Nations Department of Economic and Social Affairs, 2019). In the US, this
demographic shift is pronounced. As of 2022, the number of Americans older than 65
years increased to over 57 million and projections indicating that the number of older
adults will increase to over 94 million by the year 2060 (Administration for Community
Living, 2024; United States Census Bureau, 2017). By then, nearly 25% of the adult US
population will be over 65 years of age, with approximately 19 million individuals over
85 years of age (United States Census Bureau, 2017; Vespa et al., 2020).

This demographic shift is expected to have far-reaching implications for health
systems globally, placing a growing burden on health services and necessitating
significant adaptions in order to meet the needs of an aging society (Beard et al., 2015).
As people live longer, they also tend experience a higher prevalence of chronic
conditions, which increases the complexity of care they may require (K. Barnett et al.,
2012; Marengoni et al., 2011). This will likely impact healthcare workforce needs, long-
term care services, and health financing systems (Rowe et al., 2016). To prepare for these
changes, policymakers and clinical providers must be proactive about establishing
reforms to ensure that health systems are sustainable, effective, and capable for decades

to come (Beard et al., 2015; Karami et al., 2023).

2.2.2 Chronic Health Conditions
Chronic diseases, also referred to as chronic illnesses, are enduring physical or
mental health conditions that persist for more than a year and necessitate ongoing

medical management (Goodman et al., 2013; Hwang et al., 2001). They often result in
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functional limitations that impede activities of daily living and/or impact other social and
cognitive functions that are important for independence (Christiansen et al., 2021; A.
Ryan et al., 2015; Sharma et al., 2021). Common chronic conditions include heart
disease, stroke, arthritis, diabetes, cancer, and hearing loss (Rehfeldt & Tyndall, 2022).
They frequently require complex management plans, specialized treatments, and long-
term care, which can strain health system resources and increase healthcare expenditures
(Chapel et al., 2017; Thrall, 2005).

The prevalence of chronic conditions increases with age and the associated
healthcare costs tend to increase significantly when multiple chronic conditions are
experienced (Buttorff et al., 2017; Irving, 2017; Vogeli et al., 2007). In the US,
approximately 50-60% of Americans have at least one diagnosed chronic condition, more
than 40% report having multiple diagnoses which are associated with far greater
disability and therefore require a greater percentage of healthcare spending (Boersma,
2020; Buttorff et al., 2017; Vogeli et al., 2007). Approximately 90% of the $4.5 trillion
spent on US healthcare annually is dedicated to chronic health conditions and by 2030,
the projected cost of chronic disease is expected to reach almost $50 trillion worldwide
(Centers for Disease Control and Prevention, 2024c; Hacker, 2024).

To address the growing prevalence of chronic conditions that is anticipated as the
population grows older than ever before, health systems must prioritize prevention, early
detection, and effective management strategies (Reynolds et al., 2018; Schmidt, 2016).
This includes promoting healthy lifestyle behaviors, expanding access to preventive care,
developing innovative interventions, and implementing policy reform (Benavidez, 2024;

Reynolds et al., 2018).
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2.2.3 Technological Innovation

The rapid advancement of medical technologies is increasingly driving new reform
initiatives. Recent innovations, such as wearable medical devices, artificial intelligence
(AI) technologies, and telemedicine, are signaling a cultural shift in traditional health
practices by changing the delivery of health services (Mesko et al., 2017; Topol, 2019).
Wearable devices, which include smartwatches, fitness trackers, and specialized medical
wearables (i.e., insulin pumps), often include real-time health monitoring, providing
patients and clinical providers with continuous data on vital signs, activity levels, and
even glucose levels (Dias & Cunha, 2018; Piwek et al., 2016). These devices have the
potential for Al integration which would further enhanced their capabilities by enabling
predictive analytics for more personalized interventions as well as for disease
surveillance (He et al., 2019). There are also opportunities to use Al to support real-time
clinical decision making, including applications for diagnostic imaging which have
started to be used by radiologists over the past couple of years (Khalifa & Albadawy,
2024; Najjar, 2023). Additionally, telemedicine which was accelerated by the COVID-19
pandemic, has expanded access to care and introduced new models of delivery for a wide
variety of health services (Kichloo et al., 2020). It has been used across multiple medical
specialties and has several different delivery modes including text messaging, video
conferencing, and mobile applications (Liverpool et al., 2020; Stoltzfus et al., 2023). It
also possible that Al will play a role in the future of telemedicine, with pattern
recognition capabilities that could monitor patients and/or alert clinical providers

(Haleem et al., 2021).
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While new medical technologies offer opportunities to improve the quality,
efficiency, and accessibility of care, but they also require health systems to continuously
evolve and integrate advancements into practice which necessitates substantial
investment in infrastructure, workforce training, and regulatory oversight to ensure
innovations are safe, effective, and equitably distributed (Shaw et al., 2019; Sorenson et
al., 2013). For some applications, the implementation of novel technologies raises
important ethical considerations, including privacy, bias, and the potential exacerbation
of health disparities, which must be carefully addressed in the reform process (Gerke et
al., 2020; He et al., 2019). Additionally, these technologies are meant as a compliment,
not substitute for conventional services so as health systems navigate this technological
revolution, policymakers and healthcare leaders must strike a balance between embracing
innovation and maintaining equitable, patient-centered care (Bhavnani et al., 2016;

Haleem et al., 2021).

2.3 Hearing Health Reform
Expanding on the background provided in prior sections, this section examines
hearing loss and offers context for a recent hearing health reform that was prioritized by

policymakers.

2.3.1 Prevalence of Hearing Loss

Hearing loss is a widespread chronic health condition characterized by a decreased
ability to detect and interpret sounds (National Institute on Aging, 2023). This condition
can manifest as a partial or complete inability to hear in one or both ears, affecting people
of all age groups, though its prevalence tends to increase with age (American Speech-

Language-Hearing Association, 2024a). Hearing loss has been identified as one of the
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leading contributors to the global burden of disease, severely impairing quality of life for
those who suffer from it (GBD 2015 Disease and Injury Incidence and Prevalence
Collaborators, 2016). According to the WHO, over 1.5 billion individuals are affected
worldwide, representing approximately 20% of the world’s population (World Health
Organization, 2021b). By the year 2050, this figure is projected to rise to 2.5 billion
(World Health Organization, 2023).

Within the US, approximately 37.5 million adults over 18 years of age, or 15% of
the adult population, are affected by hearing loss which can range from mild to severe
(National Institute on Deafness and Other Communication Disorders, 2024). For adult
Americans, hearing loss is the third most common chronic condition, surpassed only by
arthritis and hypertension, and it is twice as prevalent as diabetes or cancer (Everett,
2023; World Health Organization, 2021b). By 2060, twice as many Americans are
projected to have hearing loss, largely because a greater percentage of the population will
be older than age 65, with approximately 75 million American adults estimated to have

some degree of hearing loss by the year 2060 (Goman et al., 2017).

2.3.2 Types of Hearing Loss

There are three primary types of hearing loss (Zahnert, 2011). Conductive hearing
loss occurs when there is an issue with the outer or middle ear that prevents sound from
reaching the inner ear; it can affect individuals of all ages and is often treated with
medical intervention (Sooriyamoorthy & De Jesus, 2023). Sensorineural hearing loss,
occurs when there is damage to the inner ear, specifically the cochlea or auditory nerve; it
accounts for the majority of all hearing loss, is typically irreversible, and can be caused

by age-related changes, noise exposure, or genetic conditions (Tanna et al., 2023).
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Treatment options vary depending on severity and cause but may include hearing
rehabilitation and/or assistive devices (Brownstein & Avraham, 2006). Mixed hearing
loss occurs when both conductive and sensorineural hearing loss are present, resulting in
a more complex condition that often requires a combination of treatment approaches
(American Speech-Language-Hearing Association, 2024b).

Among these types of hearing loss, sensorineural hearing loss is particularly
significant in older populations. Age-related hearing loss, also known as presbycusis, is
one of the most common forms of sensorineural hearing loss, affecting approximately
70% of Americans older than 71 years and nearly 100% by age 85 (Gates & Mills, 2005;
Reed et al., 2023). Presbycusis is a progressive hearing impairment that can happen
slowly and may be hard to notice due to a gradual decline in hearing sensitivity that
typically begins with high-pitched sounds and expands to affect a wider range of
frequencies over time (National Institute on Aging, 2023; Wang & Puel, 2020). This can
make it increasingly difficult for individuals to understand speech, particularly in noisy
environments (Agrawal et al., 2008). Presbycusis develops as age-related changes
progressively affect the auditory system, including the degeneration of sensory cells in
the cochlea, changes in auditory nerve function, and diminished blood supply to the ear
due to age-related vascular changes (Bowl & Dawson, 2019; Jayakody et al., 2018).
However, risk factors such as long-term noise exposure, smoking, cardiovascular disease,
and diabetes have been also linked to an accelerated decline in hearing (Yamasoba et al.,

2013).
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2.3.3 Consequences of Hearing Loss

Untreated hearing loss, regardless of type, can have significant consequences that
extend beyond auditory impairment. The reduced ability to communicate effectively
often leads to frustration, anxiety, and decreased participation in social and leisure
activities, which negatively affect mental and physical well-being (Chia et al., 2007;
Strawbridge et al., 2000). This social withdrawal can lead to deeper issues, as hearing
loss is strongly associated with loneliness and social isolation, with the latter identified as
a significant risk factor for depression and other mood disorders in older adults (Mick et

al., 2014; A. Shukla et al., 2020).

The impact extends to daily functioning and economic well-being. In work settings,
individuals with hearing loss often face communication barriers that affect job
performance and career advancement (Kochkin, 2010). This can lead to reduced
workplace productivity, lower earning potential, and an increased risk of occupational
accidents (Nachtegaal et al., 2012). The economic burden is substantial, with untreated
hearing loss costing developed nations approximately $750 billion annually due to
healthcare expenses, lost productivity, and related issues (World Health Organization,

2021b).

Physical health and safety can also be compromised. Studies have shown that
individuals with hearing loss demonstrate reduced gait speed, decreased walking stability,
and increased postural sway compared to those with normal hearing (Agmon et al., 2017;
Sakurai et al., 2021). Alterations in balance and spatial awareness may further
compromise physical safety by increasing the risk of falls (F. R. Lin & Ferrucci, 2012;

Viljanen et al., 2009). These functional challenges can lead to reduced physical activity
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and increased sedentary behavior (Gispen et al., 2014). This can lead to accelerated
physical decline and an increased risk of cardiovascular disease, which remains a leading
cause of mortality in older adults (Lopez et al., 2011; Tan et al., 2018).

Perhaps most concerning is the impact on cognitive function. Growing evidence
links untreated hearing loss to accelerated cognitive decline and a heightened risk of
dementia (F. R. Lin et al., 2013; Livingston et al., 2020). Research indicates that when
compared to individuals with normal hearing, adults with mild hearing loss are twice as
likely to develop dementia, while those with severe hearing loss face up to five times the
risk (F. R. Lin et al., 2011). Additionally, hearing loss has been associated with earlier
onset of cognitive impairment and poorer cognitive performance in older adults (Reed et
al., 2023). While the underlying mechanisms are not entirely clear, it is believed that the
cognitive load associated with straining to hear may interfere with memory and thinking
(Lemke & Besser, 2016; F. R. Lin et al., 2013).

Importantly, many of these negative impacts can be mitigated through timely
intervention and management. In a systematic review, hearing rehabilitation was found
beneficial in all types of hearing loss and shown to improve quality of life (Brodie et al.,
2018). Additionally, studies suggest that hearing aid use can reduce the mortality risk
associated with hearing loss, further emphasizing the importance of early identification

and treatment (McMabhon et al., 2018).

2.3.4 Intervention and Management of Hearing Loss
Hearing rehabilitation encompasses a comprehensive approach to managing hearing
loss through various interventions aimed at improving communication and quality of life

(Valente, 2006). These interventions may include technological solutions (e.g., hearing

20



aids and cochlear implants), rehabilitative services (e.g., auditory training and
counseling), and environmental modifications (e.g., acoustic optimization and assistive
listening devices) (Aural Rehabilitation Clinical Practice Guideline Development Panel et
al., 2023). While the selection of appropriate interventions depends on factors including
the type and severity of hearing loss, individual communication needs, lifestyle demands,
and personal preferences, access to hearing health care remains limited for many due to
cost barriers (Blazer et al., 2016; Boothroyd, 2007; Laplante-Lévesque et al., 2010).
Among available interventions, hearing aids remain the most common for managing
hearing loss. These small electronic devices are worn in or behind the ear (National
Institute on Deafness and Other Communication Disorders, 2022a). They are designed to
amplify sound so that individuals with hearing loss are better able to listen and can
communicate more effectively (Food and Drug Administration, 2022b). Hearing aids can
filter out background noise and/or adjust sound levels to improve clarity, which can
reduce the amount of listening effort required by the brain to process and understand
speech (Ohlenforst et al., 2017). Clinical evidence has shown that properly fitted hearing
aids can significantly improve speech understanding in both quiet environments and
noisy situations, facilitating better engagement in conversations (Miles et al., 2022;
Peeters et al., 2011). This improvement in communication can enhance quality of life by
fostering stronger relationships with family and friends as well as mitigating feelings of
social isolation, depression, and anxiety (Mahmoudi et al., 2019) Additionally, consistent
hearing aid use has been linked to lower risks of cognitive decline, dementia, and even
mortality, highlighting the broad benefits of hearing aid utilization (Choi et al., 2024;

Sarant et al., 2020).
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Despite these documented benefits of treating hearing loss and associated secondary
conditions, hearing aids continue to be underutilized, with low adoption rates (Nassiri et
al., 2021). Among adults who could benefit from hearing aids, less than 10% of those in
low-income countries and only 20-30% of those in high-income countries use them as an
intervention for impairment (Committee on Accessible and Affordable Hearing Health
Care for Adults et al., 2016; Kochkin, 2009; Reed et al., 2023). According to the WHO,
over 400 million individuals worldwide could potentially benefit from hearing aids, but

fewer than 70 million utilize them (World Health Organization, 2021b).

2.3.5 Barriers to Hearing Aid Utilization

In the US, access and affordability have historically been the most significant
barriers to hearing aid adoption and utilization. Through the traditional service delivery
model, hearing aids required a prescription acquired from a medical evaluation with a
licensed physician (i.e., otolaryngologist) and/or a hearing examination carried out by a
licensed hearing health professional (i.e., audiologist) (Blazer et al., 2016; Solheim et al.,
2012). Then additional appointments were typically required to address hearing aid
selection, fitting, and follow-up care (Committee on Accessible and Affordable Hearing
Health Care for Adults et al., 2016). This complex pathway to obtaining hearing aids
created substantial geographical and scheduling barriers, particularly affecting rural
populations and those with limited transportation, mobility, or work flexibility (S. Chan
et al., 2017; Nieman & Lin, 2017). The traditional model's reliance on specialized
providers also created access challenges due to the uneven distribution of audiologists

and hearing specialists across the country, especially in rural or low-income areas where

22



patients faced significant travel time and expense to access hearing health services
(Powell et al., 2019).

These access barriers were compounded by significant affordability challenges.
Traditional hearing aids cost between $2,000 and $8,000 per pair, are not typically
covered by health insurance, and are often bundled with professional services (F. R. Lin
& Chadha, 2023; Willink et al., 2019; World Health Organization, 2021b). This
combination of fees created substantial financial barriers, particularly for older adults
who were on fixed incomes and those without comprehensive health insurance coverage
(Reed et al., 2019; Willink et al., 2019). Medicare's exclusion of hearing aid coverage
also left many consumers facing high out-of-pocket costs, contributing to low adoption
rates even among those who could benefit from hearing assistance (Arnold et al., 2017;
Mahmoudi et al., 2018).

Beyond issues of access and affordability, perceived stigma remains a significant
barrier to hearing aid adoption, causing many individuals to delay or avoid seeking
treatment (Wallhagen, 2010). Stigma is often tied to concerns about appearance, self-
image, and fear of being perceived as old or impaired, which can deter individuals from
using hearing aids even when they would benefit from them (David & Werner, 2016).
Hearing loss is frequently associated with negative attributes such as cognitive decline,
aging, and disability, leading many individuals to deny or downplay their hearing
difficulties rather than seek intervention (M. Barnett et al., 2017; Ekberg et al., 2014).
These associations can be exacerbated by media portrayals and cultural perceptions,
further reinforcing the reluctance to use hearing aids (Foss, 2014). Research indicates that

the cumulative effect of stigma-related barriers results in significant delays between the
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onset of hearing difficulties and the decision to seek help, with many individuals waiting
an average of 7 to 10 years before seeking intervention (Duijvestijn et al., 2003; Simpson

etal., 2019).

2.3.6 Over-the-Counter Hearing Aids

Given these multifaceted barriers and an aging population, there has been an urgent
need for reform to improve the accessibility of hearing healthcare and support services in
the US (National Institute on Deafness and Other Communication Disorders, 2022b,
2024). The traditional service delivery model, characterized by financial and logistical
challenges, left millions of Americans without the hearing assistance they needed,
impacting their quality of life, communication, and overall well-being (H. W. Lin et al.,
2019; Willink, Assi, et al., 2021).

Recognizing the substantial personal and societal costs of barriers to hearing aid
access, policymakers and healthcare advocates pushed for regulatory changes to make
these devices more accessible to American adults. In response, the Over-the-Counter
(OTC) Hearing Aid Act was enacted by the U.S. Congress in 2017 as part of the FDA
Reauthorization Act, representing a pivotal step toward expanding access by allowing
individuals to purchase hearing aids directly without a prescription (Food and Drug
Administration, 2017). This legislation aimed to make hearing aids more affordable and
accessible by mandating that the FDA create a new category of OTC hearing aids for
adults with mild to moderate hearing loss, with the goal of spurring competition, driving
innovation, and reducing the stigma associated with hearing aid use (Federal Trade

Commission Staff, 2022; Warren & Grassley, 2017). The FDA finalized its rule for OTC
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hearing aids in August 2022, and the new category became effective on October 17, 2022
(Food and Drug Administration, 2022a).

In the US, the regulation of new medical devices is managed through the FDA’s
Center for Devices and Radiological Health, where an approval process determines
whether each device is safe and effective (Van Norman, 2016). This regulatory
framework is designed to balance the benefits of the device against any potential risks,
providing assurance to consumers and clinical providers (Shuren & Calift, 2016). Before
a device can be marketed, the FDA conducts rigorous pre-market reviews, followed by
ongoing post-market surveillance to monitor safety and performance, in order to address
any adverse events that may arise (United States Government Accountability Office,
2011). In the case of OTC hearing aids, the FDA has established specific guidelines that
limit the maximum sound output to prevent potential hearing damage and mandate clear
labeling to inform users about the device’s intended use, potential risks, and detailed
instructions for proper usage (Food and Drug Administration, 2022a). Additionally, all
new OTC hearing aids must meet standards for sound quality, durability, and user
control, ensuring that consumers have access to reliable, safe, and effective devices (Food

and Drug Administration, 2022a).

The introduction of OTC hearing aids offers several potential benefits. By making
these devices available in pharmacies (e.g., CVS), electronics stores (e.g., Best Buy), and
online (e.g., Amazon), access increases and costs are reduced (Manchaiah, Swanepoel, et
al., 2023). Direct-to-consumer sales are expected to drive competition and lower prices,
with early reports indicating that OTC options are significantly more affordable than

traditional prescription models (Myers et al., 2022; Stephenson, 2022). This shift has also
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spurred innovation, encouraging companies to develop user-friendly features such as
Bluetooth connectivity, mobile applications, and rechargeable batteries, enhancing the
usability and appeal of hearing aids (Blustein & Weinstein, 2016; Chung & Zeng, 2024;
De Sousa et al., 2023). Additionally, the broader availability of these devices could help
to reduce the stigma associated with hearing loss, especially among younger and middle-
aged adults who might otherwise be reluctant to use traditional hearing aids due to
concerns about appearance or perceived aging (Wallhagen, 2010).

Despite these potential benefits, there are also concerns. OTC hearing aids are
intended for adults with mild to moderate hearing loss and do not require a prescription,
hearing examination, or medical evaluation (Food and Drug Administration, 2022a).
Some critics argue that without professional oversight, consumers may misinterpret the
severity of their hearing loss or purchase OTC devices that do not meet their needs due to
the wide variation in quality across the market (Manchaiah, Sharma, et al., 2023; Warren
& Grassley, 2017). This concern is supported by polling carried out by the American
Speech-Language-Hearing Association (ASHA) which determined that more education is
necessary for the American public to fully understand when OTC hearing aids are an
appropriate option and that advertisements fail to mention key facts that would better
guide consumers (American Speech-Language-Hearing Association, 2023). Additionally,
given that many OTC hearing aid users are likely to be older adults, concerns also exist
about consumers' ability to properly self-fit these devices. Most OTC hearing aids require
a smartphone or Bluetooth device and the downloading of a mobile application to
establish connections and optimize fit (Swanepoel et al., 2023). This presents a potential

barrier, as technological ownership and digital literacy remain low among both those over
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age 65, with only 61% owning a smartphone, as well as among those in historically
underserved communities (Blustein et al., 2022). These factors could impede equitable
access and utilization.

The new OTC hearing aid rule represents a transformative shift in the delivery of
hearing health services, moving from a traditional provider-driven delivery model to a
more accessible direct-to-consumer approach (Stephenson, 2022). By simplifying the
purchasing process, the new OTC hearing aid rule has the potential to significantly lower
costs, increase accessibility, and encourage earlier intervention. However, rigorous
evidence-based research is essential to understand the impact of this reform and
determine whether hearing aid utilization increases as intended by policymakers

(Manchaiah, Swanepoel, et al., 2023; Tucci & Califf, 2022).

2.4 Health Reform Evaluation

There is no single standardized approach to evaluate new health reform or measure
policy impact because the goals, contexts, and complexities of health systems can vary
significantly across regions and populations (Papanicolas & Smith, 2013; World Health
Organization, 2000). Each reform can target different aspects of health, such as cost,
access, quality of care, or patient outcomes, which necessitates tailored evaluation
methods (Marmor & Wendt, 2012). Multiple approaches may be used to assess both
implementation and outcomes for new regulations and health policies.

Process evaluation focuses on how effectively the reform is implemented,
examining metrics like provider participation rates, patient enrollment, and adherence to
new protocols (Moore et al., 2015; Peters et al., 2013). This determines whether the

reform is being executed as intended and can also identify areas for improvement.
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Outcome evaluation measures the reform's impact on key health indicators, such as
quality of care, access to services, and cost effectiveness with common methodologies
that include interrupted time series analyses, difference-in-differences studies, and where
feasible, randomized controlled trials (Fredriksson & Magalhaes de Oliveira, 2019;
Nilsen, 2015). Cost-benefit and cost-effectiveness analyses may also be utilized for
health reform evaluation. These analyses are essential for evaluating the economic
aspects of reform, comparing the resources invested against improvements in health
outcomes, quality-adjusted life years, and other relevant metrics (Drummond et al., 2015;
Neumann et al., 2016). Additionally, equity assessments examine how reforms affect
different population groups and whether they reduce or exacerbate existing health
disparities, with analyses often stratified by socioeconomic status, race/ethnicity,
geographic location, and other demographic factors (Bambra et al., 2020; Povall et al.,
2014).

Stakeholder perspectives also offer valuable insights into reform effectiveness
through mixed-methods approaches that combine quantitative data with qualitative
feedback from patients, clinical providers, administrators, and policymakers (Creswell &
Clark, 2017; Pawson et al., 2005). These approaches can reveal implementation
challenges, unintended consequences, and important contextual information by using
tools such as patient satisfaction surveys, focus groups, and interviews to help capture the
experiences of those most directly affected by reform (Bate & Robert, 2006; Greenhalgh
et al., 2016). Lastly, unlike stakeholder analyses which view reform from a limited
perspective, a population health framework approach can evaluate reform by assessing

the complex interactions between multiple determinants, while also considering the broad
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societal impacts beyond individual clinical outcomes (Diez Roux, 2016; Kindig &

Stoddart, 2003).

24.1 Population Health Frameworks

Population health within health systems encompasses defined groups of individuals
with shared characteristics, such as medical conditions, health status, or geographic
location (Rose, 2001; World Health Organization, 2000). Population health emerged as
framework in the late 20th century, broadening the traditional definition of health and
shifting away from the conventional biomedical model toward a more comprehensive
understanding of health determinants which acknowledged the interplay between health
systems and broader societal factors (Evans et al., 1994; Evans & Stoddart, 1990). Over
time, this approach has evolved to focus more on the aggregate health status of specific
groups or target populations, to include outcome distributions, variation patterns, and
systemic disparities within and across population segments (S. L. Chan et al., 2024;
Kindig, 2007; Kindig & Stoddart, 2003; Stoto, 2014).

Population health frameworks are structured around determinants, defined as any
factors that influence health outcomes at individual and collective levels (Last, 1993;
World Health Organization, 2010a). These determinants encompass a wide range of
factors that extend far beyond genetic and biological attributes to encompass social,
behavioral, environmental, and policy-level variables, providing a comprehensive
structure for evaluating health reform impacts across multiple dimensions and time scales
(Braveman & Gottlieb, 2014; Kindig, 2007; McGovern, 2014). The framework structure
organizes dynamic and interrelated indicators under domains and subdomains, which can

vary in number with the majority having between one and five domains and greater than
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20 indicators (S. L. Chan et al., 2024). This organization enables the examination of how
health outcomes are distributed across populations and can facilitate the measurement of
both intended and unintended consequences of reform, helping to identify disparities
where modifications are necessary in order to better serve diverse population needs (Diez
Roux, 2016; Penman-Aguilar et al., 2016; Woolf & Braveman, 2011).

By integrating population health into reform evaluation, health systems can track
progress toward equity goals, assess the sustainability of improvements, and identify
emerging challenges that require attention, particularly those that focus on systematic
variations in health outcomes across social and economic gradients (Gémez et al., 2021;

Koh et al., 2011; Marmot et al., 2008; Marmot & Bell, 2012).

2.5 Publicly Available Data

To develop meaningful population health frameworks, representative and reliable
datasets are required. In recent years, there has been a global push to collect and share
health data (World Health Organization, 2021a). Open, publicly available data have the
potential to accelerate discovery by allowing researchers who cannot readily collect data
to access large datasets more easily (BaHammam & Chee, 2022). Moreover, the use of
publicly available data allows for more transparent and reproducible evaluations
(Wallach et al., 2018). Evaluating health reform using publicly available data is a vital
approach for understanding the effectiveness and impact of health policies. However,
complete datasets can still be difficult to acquire and access for this purpose (Clarke et

al., 2019).

In the US, researchers benefit from the proactive efforts of the Department of

Health and Human Services (HSS), which consistently identifies and evaluates public
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health datasets. The Healthy People 2030 (HP2030) initiative, launched through the HHS,
has defined an extensive set of national objectives to improve health outcomes and
overall well-being. To aid research focused on these goals, hundreds of evidence-based
resources including data sources from more than 80 different data systems have been
made easily available online through the HP2030 website (Office of Disease Prevention
and Health Promotion, 2024). Prior to being listed, each dataset undergoes a stringent
selection process to ensure the data is of the highest quality. This process confirms that
each provides valid, reliable, and nationally representative data with known population
coverage, response rates, and completeness to ensure that findings based on the data can
be replicated (Office of Disease Prevention and Health Promotion, 2024). Most of these
datasets are overseen or managed by federal agencies, and many originate directly from
agencies within HHS. Notable contributors include the National Center for Health
Statistics (NCHS), Centers for Disease Control and Prevention (CDC), Agency for
Healthcare Research and Quality, Health Resources and Services Administration, and

National Institutes of Health’s Office of Disease Prevention and Health Promotion.

2.5.1 Hearing Health Data
Through the CDC and NCHS, there are multiple datasets that include hearing health
data.
e National Health Interview Survey (NHIS) — household survey of adults and
children (Centers for Disease Control and Prevention, 2023).
e National Health and Nutrition Examination Survey (NHANES) — survey of
adults and children that uses face-to-face interviews and physical examinations

to assess health status (Centers for Disease Control and Prevention, 2024d).
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e Behavioral Risk Factor Surveillance Survey (BRFSS) — telephone survey
conducted by state health departments in collaboration with the CDC (Centers

for Disease Control and Prevention, 2024a).

e Disability and Health Data System (DHDS) — online source of state-level data

on adults with disabilities (Centers for Disease Control and Prevention, 2024Db).
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3 Methodology
3.1 Data Source

In this retrospective cross-sectional cohort analysis, publicly available data from the
National Health Interview Survey (NHIS) was utilized (Centers for Disease Control and
Prevention, 2023). While multiple surveys collected by the NCHS include questions
about hearing loss, the NHIS was chosen because it is the only survey that specifically
asks about hearing aid utilization which is key to evaluating this reform. The NHIS is an
ongoing, annual, in-person household-based survey that has been conducted by the US
Census Bureau on behalf of the NCHS for over 60 years (Centers for Disease Control and
Prevention, 2023; Zablotsky et al., 2023). In each household, a “Sample Adult” is
randomly selected for survey administration.

The survey covers a broad range of health topics with questions about hearing
difficulty and hearing aid utilization included in the annual core (Blewett et al., 2016).
The annual core features the same questions every year and then depending on the year of
administration, a rotating core of questions are included as well as additional sections
with questions geared toward emerging topics and to support sponsored content.
Appendix A includes a complete list of the topics included in NHIS Sample Adult
Questionnaire (Figure A.1), broken down by year and color-coded by survey section.

For this research, public-use data files as well as associated documentation were

downloaded from the CDC’s FTP file server at:

e https:/ftp.cdc.gov/pub/Health Statistics/NCHS/Datasets/NHIS/2021/adult21csv

.Zip

e https://www.cdc.gov/nchs/nhis/data-questionnaires-documentation.htm
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3.2 Population

The cohort included respondents from the 2021 NHIS Sample Adult Interview
(National Center for Health Statistics, 2022), which was the last full year of data
collected before OTC hearing aids became publicly available. This pre-implementation
sample was composed of civilian, non-institutionalized adults (18 years or older) living
within the 50 states and the District of Columbia.

Using two questions about hearing loss, from the NHIS annual core questionnaire,
two populations were identified. The general population included a single group of
respondents, those who answered, ‘No’ to the question ‘Do you use a hearing aid?’ and
‘No’ when asked ‘Do you have difficulty hearing?’. The target population included two
groups of respondents who could benefit from the new OTC hearing aid rule. Active
hearing aid users were defined as those who responded, ‘Yes’ to the question ‘Do you use
a hearing aid?’. Potential hearing aid users were defined as those who responded, ‘No’ to
that same question but also answered ‘Some’, ‘A lot’ or ‘Cannot do at all” when asked,
‘Do you have difficulty hearing?’.

The ability to define three hearing aid groups (Active, Potential, and General), as
the response variable (Figure 3.1), also allowed two group comparisons to be examined:
1) Active vs. Potential hearing aid users (Active-Potential), which has implications for
policymakers, providing insight into barriers and/or motivators to hearing aid access and
greater awareness of who should be targeted to ensure OTC hearing aid reform is
successful; and 2) Active hearing aid users vs. General population (Active-General),

which has implications for resource capacity planning, allowing device manufacturers to
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forecast how many hearing aids must be produced to meet the growing need of an aging

population.

NHIS Questions Hearing Aid Group
1. Do you use a hearing aid? @ Active
@ Potential
2. Do you have difficulty hearing?
@ General

Figure 3.1. Flowchart to define the response variable - Hearing Aid Group

3.3 Variable Selection

The de-identified public-use data file for the 2021 NHIS Sample Adult Interview
included more than 600 variables and had to be pared down to explore the research aims
of this dissertation. To establish a baseline population health framework, variable
selection strategies employed consultation with experts in the field (i.e., audiology,
epidemiology, health informatics, and biostatistics) and an extensive review of existing
literature with a focus on variables included in existing models related to health care
access and the utilization of health services (Aday & Andersen, 1974; Pescosolido &
Kronenfeld, 1995; Andersen, 2008; Heinze et al., 2018). In recent years, there has been
increased emphasis placed on the inclusion of non-clinical factors when assessing health

outcomes so this research sought to create a comprehensive framework that incorporated
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clinical, behavioral, and environmental factors as well as social determinants of health
(Solomon & Kanter, 2018). However, only variables from the annual core section of the
NHIS Adult Sample Questionnaire were considered and only those with at least an 80%
response rate; no rotating core, sponsored content, or emerging topics questions were

included.

3.4 Baseline Framework

The baseline population health framework included 43 variables, across six
domains: 1) Demographic, 2) Household, 3) Health Status, 4) Health Limitations, 5)
Health Utilization & Access, and 6) Social Function & Support. The variables in each
domain are illustrated in Table 3.1 and variable descriptions, that align with the 2021

NHIS Sample Adult Interview codebook, are provided in Table 3.2.
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Table 3.1. Baseline framework (adapted from Kruger et al., 2024)

Six Domains of Baseline Variables

HEALTH

SOCIAL
DEMOGRAPHIC HOUSEHOLD I-SI,}E:IfI];IS-I LII\I/-[IIETIZLTFI;SNS UTILIZATION FUNCTIONING
& ACCESS & SUPPORT
Urban-Rural General Health . . Time Since Last Saw Difficulty Doing
Age Classification Status Ditficulty Secing Doctor Errands Alone
. Difficulty
Sex Region Life Satisfaction leﬁculty Usual Place of Care Participating in
Walking/Steps . .
Social Activities
. Work Limited
Education Food Security Body Mass Index leﬁm.llty. Health Insurance Due to Health
Communicating
Problem
Difficulty . .
. ) Disability 3 Dot N Social/Emotional
Race & Ethnicity Home Ownership . emembering/ Urgent Care Visits Support
Indicator Concentrating
. . . Emergency Room
Marital Status Number of Adults Cancer Difficulty with Visits
Self-Care Hosoitalized
Citizenship Number of Children Diabetes e a. 1ze
Overnight
Employment Ratio of Income to Asthma Home Care
P Threshold
overty Thresho Counseling/Therapy
Epilepsy from Mental Health
Professional
Cardiovascular Took Prescription
Conditions Medications
Other Chronic Problems Paying
Health Conditions Medical Bills
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Table 3.2. Variable descriptions (adapted from Kruger et al., 2024)

DOMAIN

HEALTH
LIMITATIONS

DEMOGRAPHIC

HOUSEHOLD

HEALTH STATUS

Variable Description
Age Age of sample adult
Sex Sex of sample adult
Education Education level of sample adult
Race & Ethnicity Single and multiple race groups with Hispanic origin

Marital Status

Legal marital status

Citizenship Status

Citizenship status

Employment

Worked last week

Urban-Rural Classification

2013 NCHS Urban-Rural Classification Scheme for Counties

Region

Household region

Food Security

Adult 4 category food security; status determined by responses to 10 questions
about the households’ food situation in the past 30 days

Home Ownership

Residence owned or rented

Number of Adults

Number of adults in sample adult’s family

Number of Children

Number of children in sample adult’s family

Ratio of Income to Poverty
Threshold

Ratio of family income to poverty threshold for sample adult’s family

General Health Status

Would you say your health in general is excellent, very good, good, fair, or
poor?

Life Satisfaction

In general, how satisfied are you with your life?

Body Mass Index Categorical Body Mass Index
Disability Indicator The Washington Group Short Set Composite Disability Indicator
Cancer Ever been told you had cancer
Diabetes Ever had diabetes
Asthma Ever had asthma
Epilepsy Ever had epilepsy

Cardiovascular Conditions

Ever had...coronary heart disease, angina, heart attack, stroke, hypertension,
high cholesterol

Other Chronic Health Ever had...arthritis, dementia, anxiety, depression, chronic obstructive
Conditions pulmonary disease, emphysema, or chronic bronchitis
. . Do you have difficulty seeing, even when wearing glasses or contact
Difficulty Seeing

lenses/seeing?

Difficulty Walking/Steps

Do you have difficulty walking or climbing steps?

Difficulty Communicating

Using your usual language, do you have difficulty communicating, for
example, understanding or being understood?

Difficulty Remembering/
Concentrating

Do you have difficulty remembering or concentrating?

Difficulty with Self-Care

Do you have difficulty with self-care, such as washing all over or dressing?
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About how long has it been since you last saw a doctor or other health

Time Since Last Saw Doctor professional about your health?

Usual Place of Care Is there a place that you usually go to if you are sick and need health care?

Are you covered by any kind of health insurance or some other kind of health

Health Insurance
care plan?

During the past 12 months, how many times have you gone to an urgent care

rgent Care Visit: s
g G VA center or a clinic in a drug store or grocery store about your health?

During the past 12 months, how many times have you gone to a hospital

Emergency Room Visits emergency room about your health?

Hospitalized Overnight During the past 12 months, have you been hospitalized overnight?

& ACCESS

During the past 12 months, did you receive care at home from a nurse or other

Lefip i health professional?

During the past 12 months, did you receive counseling or therapy from a mental
health professional such as a psychiatrist, psychologist, psychiatric nurse, or
clinical social worker?

Z
=
=
o
<
N
—
=
=
=
-
=
o
=
<
=
=

Counseling/Therapy from
Mental Health Professional

el Freseipien At any time in the past 12 months, did you take prescription medication?

Medication
Problems Paying Medical In the past 12 months did you/anyone in the family have problems paying or
Bills were unable to pay any medical bills?
Difficulty Doing Errands Because of a physical, mental, or emotional condition, do you have difficulty
Alone doing errands alone such as visiting a doctor's office or shopping?

Because of a physical, mental, or emotional condition, do you have difficulty
participating in social activities such as visiting friends, attending clubs and
meetings, or going to parties?

Difficulty Participating in
Social Activities

SOCIAL
FUNCTIONING

Work Limited Due to Health | Are you limited in the kind OR amount of work you can do because of a
Problem physical, mental or emotional problem?

& SUPPORT

Social/Emotional Support How often do you get the social and emotional support you need?

3.5 Data Preprocessing

To prepare the dataset for analysis, preprocessing techniques including variable
renaming, data cleaning, data transformation were required (Razzak et al., 2020; S.
Shukla, 2023). Answers of ‘Refused’, ‘Not Ascertained’, and ‘Don’t Know’ were
considered missing data and cleaned from the dataset. Using discretization, Age which
was originally continuous (up to age 85) with those 85+ categorized, was changed to be
fully categorical in order to retain the 85+ category and also better capture younger
respondents (Yang et al., 2005). Cardiovascular Conditions including Coronary Heart
Disease, Angina, Heart Attack, Stroke, Hypertension, and Cholesterol as well as Other
Chronic Health Conditions including Chronic Obstructive Pulmonary Disease, Dementia,

Anxiety, and Depression were grouped to reduce multicollinearity and presented as a
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count. Several other variables were recoded to reduce the number of categories and/or
were dichotomized (Yes/No).

The tables included in Appendix B provide further detail about the data
preprocessing procedures carried out for all variables, across all domains. These tables
also include the original NHIS label that corresponds to each variable in the Baseline
Framework, as well as the original and the updated units/levels for each. The updated
units/levels represent the final categories for each variable and are also listed in Table C.1

in Appendix C.

3.6 Statistical Analysis

All analyses were conducted in Minitab 21.4.

3.6.1 Baseline Framework

To confirm whether the variables in the baseline framework were sufficient to
describe the two group comparisons (Active-Potential, Active-General), binary logistic
regression models were run to examine both. Logistic regression is a multivariate
statistical method, frequently used in medical and health research, that evaluates the
relationship between multiple independent (predictor) variables and a dependent response
(outcome) variable (Harris, 2021; Ranganathan et al., 2017; Schober & Vetter, 2021).
Binary logistic regression was chosen over discriminant analysis because the predictor
variables in the baseline framework were entirely categorical (Cleophas & Zwinderman,
2012; Osborne, 2008). Receiver operating characteristic (ROC) curves, which plot the
True Positive Rate on the y-axis against the False Positive Rate on the x-axis, were
generated to evaluate model performance (Nahm, 2022). The area under the curve

(AUC), which represents how much a model can distinguish between classes, was
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examined (Boateng & Abaye, 2019). Goodness-of-fit, which evaluates the quality of
model fit by measuring differences between the observed data and the expected values of
the fitted model, was also assessed using the p-value from Hosmer-Lemeshow test, which
is widely used in binary situations involving categorical data (Hosmer & Lemeshow,
1980; Pulkstenis & Robinson, 2002). For both models, the response variable was defined
as the hearing aid group (Active = 1; Potential/General = 0) and the predictors included
all 43 variables from the baseline framework. These models employed no selection or

validation.

3.6.2 Identification of Key Determinants of Hearing Aid Utilization

Then to determine whether the variables in the baseline framework could be further
reduced to identify key determinants of hearing aid utilization, the binary logistic
regression for the target population (Active-Potential) was run a second time, using
stepwise selection (a to enter = 0.15, a to remove = 0.15) and validation with a 75/25
train/test split. Stepwise selection was chosen to reduce model complexity without
compromising predictive accuracy, with a cofounding level set to 15% to improve
chances of retaining meaningful variables (Bursac et al., 2008; Chowdhury & Turin,
2020). For validation, train/test split was chosen over k-fold cross-validation due to the
overall size of the sample (Brownlee, 2020). Again, ROC curves were produced and
AUC was examined. The goal was to determine if the original model could be simplified
to focus on only important predictors that helped to explain why some respondents
sought out hearing aids while others did not. For this regression model, a factorial main

effects plot was also generated to further assess the relationship between the response and
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the individual predictors identified as key determinants, illustrating the probability (0 to
1) of being an active hearing aid user for each category of each predictor.

For the variables identified as key determinants of hearing aid utilization, the
distributions of all three hearing aid groups were summarized using counts and
percentages; all categories (response levels) were included for each key determinant.
Then due to the categorical nature of the data, the Pearson’s Chi-Square ()?) test, which is
based on the difference between observed and expected frequencies, was used to examine
group differences between the Active-Potential and Active-General respondents (Miola

& Miot, 2022; Preisser & Koch, 1997).

3.6.3 Validation of Key Determinants of Hearing Aid Utilization

Next classification and regression tree (CART) classification was used to confirm
that active hearing aid users could be readily predicted and to determine whether the key
determinants of hearing aid utilization remained important predictors. CART
classification is a decision tree methodology that examines important patterns and
relationships between the response variable and the predictors (Breiman, 2017;
Krzywinski & Altman, 2017). This nonparametric technique splits a population into
smaller and more meaningful subgroups, through recursive partitioning, creating branch-
like segments which form an inverted tree with an optimal number of terminal nodes
(Song & Lu, 2015). CART classification has been shown to efficiently assess large
datasets, with many categorical predictor variables, and make complex data easier to
understand and interpret. Thus, this methodology has become a more common statistical
tool used in medical research and has demonstrated utility for both public and population

health research (Battista et al., 2023; Lemon et al., 2003). In fact, CART analysis
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successfully predicted hearing aid ownership in a study that examined associations
between measured hearing loss and self-perceived hearing difficulty (Tran et al., 2022).

With three hearing aid groups, there was an opportunity to explore two different
CART classification approaches when attempting to validate the key determinants of
hearing aid utilization. For the first approach, two separate binary CART classifications
were carried out to focus on the two group comparisons (Active-Potential, Active
General). In each of these binary CART classifications, the response variable only
included the two hearing aid groups associated with the group comparison being explored
(Active = 1; Potential/General = 0). For the second approach, a single, multinomial
CART classification was conducted with a response variable that included all three
hearing aid groups (Active = 2, Potential = 1, General = 0).

For both CART classification approaches, the predictors included only those
variables identified as key determinants of hearing aid utilization. Validation was carried
out with a 75/25 train/test set, Gini was chosen for node splitting, and minimum
misclassification was selected as the optimal tree criteria. ROC curves were generated
and AUC was examined. Then for variables identified as important in the model, plots
were produced to illustrate relative variable importance, as the percent improvement with
respect to the top predictor, showing predictors in order of their effect on model

improvement (Minitab, LLC, 2024).
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4 Results

For the 2021 NHIS Sample Adult Interview, a total of 29,482 respondents were
interviewed. After removing 2,857 respondents for missing data, the final sample
included 26,625 respondents. The general population included 21,537 respondents and
the target population included 5,088. Within the target population, 1,489 respondents
were identified as active hearing aid users and 3,599 as potential hearing aid users. The

cohort breakdown is illustrated in Figure 4.1.

2021 NHIS Sample Adult Interview
All Respondents
N =29482

Deleted Records with Missing Values

N =26625

Overall Population Breakdown of Target Population

-

=)o =)o =)o
—- =B =D =D
=)o =e =)o =e =i+
=)o =e =)o =e =i+
=)o =e =)o =e =i+
wv®O®

@

[ ]
w 71% 29%
81% 19% Potential Active
General Population Target Population Hearing Aid Users  Hearing Aid Users
N=21537 N=5088 N=3599 N =1489

Figure 4.1. Infographic summarizing respondents from the 2021 NHIS Sample Adult
Interview (adapted from Kruger et al., 2024)
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4.1 Baseline Framework

For all 43 variables in the baseline framework, the distributions for all the three
hearing aid groups (Active, Potential, General) are represented by counts and percentages
in Table C.1 in Appendix C.

The initial binary logistic regressions confirmed that the baseline framework was
adequate and appropriate for both group comparisons (Figure 4.2). For Active-Potential,
the model generated an ROC curve with an AUC of 0.7705 and a Hosmer-Lemeshow p-
value of 0.896. For Active-General, the model had an AUC of 0.8921 and a Hosmer-
Lemeshow p-value of 0.603. Since an AUC greater than 0.7 is considered acceptable,
both regression models were found to sufficiently distinguished between groups (Active-
Potential, Active-General) and the goodness-of-fit p-values (p > 0.05) showed no

evidence of poor fit (Hosmer et al., 2013).
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Figure 4.2. Binary logistic regression to confirm baseline framework for both group
comparisons — A: Active-Potential; B: Active-General (Kruger et al., 2024)
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4.2 Identification of Key Determinants of Hearing Aid Utilization

When the binary logistic regression for the target population (Active-Potential) was
rerun employing stepwise selection and validation, the original model with 43 variables
was reduced to 14 key determinants of hearing aid utilization. For both the training and
test sets, the model was found to have AUC values of 0.7660 and 0.7523 respectively,
and a Hosmer-Lemeshow p-value of 0.497 which indicated good fit (Figure 4.3). This
simplified model makes interpretation easier and reduces susceptibility to overfitting

(Lever et al., 2016; Dorfer, 2023).

Active-Potential

Receiver Operating Characteristic (ROC) Curve
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3
= 027 L =
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0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate (1 - Specificity)

Figure 4.3. Binary logistic regression results for simplified Active-Potential model
(Kruger et al., 2024)
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The 14 key determinants of hearing aid utilization were identified as: Age, Sex,
Education, Marital Status, Urban-Rural Classification, Life Satisfaction, Difficulty
Seeing, Difficulty Walking/Steps, Difficulty Communicating, Difficulty
Remembering/Concentrating, Usual Place of Care, Health Insurance,
Counseling/Therapy from Mental Health Professional, and Social/Emotional Support.
Thus, all six domains from the original baseline framework were still represented in the

simplified model (Table 4.1).

Table 4.1. Key determinants of hearing aid utilization

Six Domains of Simplified Model

HEALTH SOCIAL
DEMOGRAPHIC HOUSEHOLD 2%]{5? LII\I/-[IIETI?AI:l:l;gNS UTILIZATION FUNCTIONING
& ACCESS & SUPPORT
Age Difficulty Seeing Usual Place of Care
Difficulty
Sex Walking/Steps Health Insurance
. Urba.n—RuFal Life Satisfaction Difficulty Social/Emotional
Education Classification .7
Communicating Support

Counseling/Therapy
from Mental Health

Difficulty Professional

Remembering/
Concentrating

Marital Status

Figure 4.4 illustrates the factorial main effects plot for the simplified regression
model. When compared to potential hearing aid users, respondents were more likely to be
active hearing aid users (probability closer to 1) if they: were older than 55 years of age,
were male, were more highly educated, were married or widowed, reported excellent
health, were very satisfied with life, reported no difficulty seeing, reported difficulty with
communication, reported no difficulty with remembering, always had social/emotional
support, had a usual place of care, received mental health counseling/therapy, had

insurance, and lived in a medium to small metro area.
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Figure 4.4. Factorial main effects plot for key determinants of hearing aid utilization

Table 4.2 provides summary statistics with the 14 key determinants of hearing aid
utilization described for all three hearing aid groups using counts and percentages. Then
Table 4.3 provides the p-values calculated from the y? test statistic for the two group
comparisons. All variables showed significant differences between groups for both

Active-Potential and Active-General.
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Table 4.2. Summary statistics for key determinants (adapted from Kruger et al., 2024)

z Target Population
- : -
< . . General Active Potential
= Variable Categories Population | Hearing | Hearing
8 Count (%) Aid Users | Aid Users
Count (%) Count (%)
18-24 1566 (7.3) 4(0.3) 91 (2.5)
25-34 3711 (17.2) 21 (1.4) 284 (7.9)
35-44 3937 (18.3) 38 (2.6) 356 (9.9)
A 45-54 3355 (15.6) 54 (3.6) 449 (12.5)
ge 55-64 3912 (18.2) 145 (9.7) 735 (20.4)
65-74 3258 (15.1) 417 (28.0) 873 (24.3)
75-84 1460 (6.8) 491 (33.0) 586 (16.3)
= 85+ 338 (1.6) 319 (21.4) 225 (6.3)
= o Male 9635 (44.7) 832 (55.9) 1775 (49.3)
=5 Female 11902 (55.3) 657 (44.1) 1824 (50.7)
g GED or less 2141 (9.9) 154 (10.3) 474 (13.2)
= High school 4709 (21.9) 338 (22.7) 865 (24.0)
g Education Some college 5894 (27.4) 433 (29.1) 1105 (30.7)
Bachelor’s degree 5383 (25.0) 311 (20.9) 720 (20.0)
Graduate degree(s) 3410 (15.8) 253 (17.0) 435 (12.1)
Separated 359 (1.7) 8 (0.5) 53 (1.5)
Divorced 3207 (14.9) 197 (13.2) 694 (19.3)
Marital Status Married 10246 (47.6) 756 (50.8) 1648 (45.8)
Single/never married 6054 (28.1) 95 (6.4) 641 (17.8)
Widowed 1671 (7.8) 433 (29.1) 563 (15.6)
a Large central metro 6772 (31.4) 307 (20.6) 865 (24.0)
|
g Uhisarn-Raizil Large fringe metro 5130 (23.8) 345 (23.2) 797 (22.1)
= . .
z Classification Medium and small metro 6712 (31.2) 564 (37.9) 1208 (33.6)
)
= Nonmetropolitan 2923 (13.6) 273 (18.3) 729 (20.3)
o o Very satisfied 10589 (49.2) 745 (50.0) 1375 (38.2)
== , o Satisfied 9974 (46.3) 655 (44.0) 1925 (53.5)
X<« Life Satisfaction —
S Dissatistied 753 (3.5) 70 (4.7) 244 (6.8)
w2
= Very dissatisfied 221 (1.0) 19 (1.3) 55(1.5)
. . Yes 3179 (14.8) 354 (23.8) 1210 (33.6)
" DA 37 25T No | 18358 (85.2) 1135 (762) | 2389 (66.4)
. Z Difficulty Yes 3443 (16.0) 614 (41.2) 1357 37.7)
== Walking/Steps No 18094 (84.0) 875 (58.8) 2242 (62.3)
= > Difficulty Yes 696 (3.2) 211 (14.2) 388 (10.8)
g = Communicating No 20841 (96.8) 1278 (85.8) 3211 (89.2)
S Difficulty Yes 3592 (16.7) 583 (39.2) 1564 (43.5)
Remembering/
Concentrating No 17945 (83.3) 906 (60.8) 2035 (56.5)
Yes 19450 (90.3) 1462 (98.2) 3377 (93.8)
- 5 o ETEAECR G EET No 2087 (9.7) 27 (1.8) 222 (6.2)
=
Sl it msurance Yes 20026 (93.0) 1472 (98.9) 3434 (95.4)
=2 N g No 1511 (7.0) 17 (1.1) 165 (4.6)
= "
=l=! :; Counseling/Therapy Yes 2429 (11.3) 137 (9.2) 459 (12.8)
S from Mental Health
Professional No 19108 (88.7) 1352 (90.8) 3140 (87.2)
0 Always 12166 (56.5) 886 (59.5) 1791 (49.8)
7z =
2 2 g Usually 5514 (25.6) 382 (25.7) 1000 (27.8)
) E S Sodal Emotional Sometimes | 2327 (10.8) 142 (9.5) 498 (13.8)
552 Support
1z z 3 Rarely 681 (3.2) 36 (2.4) 184 (5.1)
= Never 849 (3.9) 43 (2.9) 126 (3.5)
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Table 4.3. Pearson’s Chi-Square (x2) for key determinants of hearing aid utilization,
p-values (*** < 0.001, ** < 0.01, * < 0.05)

Z
o=,
§ Variable Active-Potential | Active-General
o p-value p-value
a
&) Age < 0.00]*** <0.001***
—
=
E Sex <0.001 % <0.001
&}
g Education < 0.001%** 0.012%*
=
A Marital Status < 0.001*** < 0.001***
a
|
<
% Urban-Rural Classification 0.004** < 0.001***
=)
=)
=
==l
=]
j : Life Satisfaction < 0.001*** 0.040*
=2
Difficulty Seeing < 0.001*** < 0.001***
)
Z . .
E 9 Difficulty Walking/Steps 0.019* <0.001***
o <
[
é < Difficulty Communicating 0.001%** <0.001%%**
=
=
= Difficulty 0.005%* <0.001%%
Remembering/Concentrating ’ ’
V4 Usual Place of Care <0.00]*** < 0.00] ***
=22
= : =
NG Health Insurance <0.001*** <0.001%*
H o]
= E ; C ling/Th fi
ounseling/Therapy from - "
= Mental Health Professional <0.001 0.014
S =
- Z g
Zcx
QR &~ Social/Emotional Support < 0.001*** 0.029*
o]
3 Sa
o3
=
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4.3 Validation of Key Determinants of Hearing Aid Utilization
Then using the 14 key determinants as predictors, CART classification was carried

out using two different approaches.

4.3.1 Primary Binary CART Classification

For the binary CART classification approach, the Active-Potential group
comparison generated a decision tree with 29 terminal nodes. The training and test sets
produced ROC curves that had AUC values of 0.7339 and 0.7222, respectively (Figure
4.5A). For the Active-General group comparison, a decision tree with 19 terminal nodes
was produced and the AUC values for the training and test sets were 0.8586 and 0.8452,
respectively (Figure 4.5B). In both decision trees, all 14 variables remained as important
predictors. Additionally, both binary CART classifications were able to sufficiently
predict active hearing aid users, with AUC values greater than 0.7.

When relative variable importance was explored, Age was the largest contributor of
hearing aid utilization for both group comparisons. For Active-Potential, Marital Status,
Usual Place of Care, Health Insurance, and Counseling/Therapy from Mental Health
Professional were also included in the top five predictors. For Active-General, the top
five predictors shifted slightly to include Difficulty Walking/Steps, Marital Status,
Difficulty Remembering/Concentrating, and Usual Place of Care. Figure 4.6 illustrates
the relative variable importance of all 14 key determinants for both binary CART

classifications.
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Figure 4.5. Primary binary CART classifications - ROC curves for both group

comparisons — A: Active-Potential; B: Active-General (Kruger et al., 2024)
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Figure 4.6. Primary binary CART classifications - Relative Variable Importance plots for
both group comparisons — A: Active-Potential; B: Active-General
(adapted from Kruger et al., 2024)
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4.3.2 Secondary Binary CART Classification

Based on the results of the primary binary CART classification, where Age was
determined to be the largest contributor of hearing aid utilization for both group
comparisons, a secondary binary CART classification analysis was carried out to better
understand how much Age truly influences the overall classification outcome. To
accomplish this, the binary CART classifications for both group comparisons were

repeated with Age as the only predictor.

For the Active-Potential group comparison, a decision tree with 2 terminal nodes
was generated and the training and test sets had AUC values of 0.6719 and 0.6974,
respectively (Figure 4.7A). So with the other key determinants removed as predictors, the
Active-Potential group comparison was no longer able to adequately predict active
hearing aid users, with AUC values less than 0.7. For the Active-General group
comparison, another decision tree with 2 terminal nodes was produced. The ROC curve
had an AUC of 0.7879 for the training set and an AUC of 0.7847 for the test set (Figure
4.7B). So despite being lower than the AUC values generated in the primary binary
CART classification, the secondary binary CART classification for the Active-General
group comparison was still able to sufficiently predict active hearing aid users, with AUC

values greater than 0.7.
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4.3.3 Multinomial CART Classification

For the multinomial CART classification approach, a decision tree with 51 terminal
nodes was produced. All 14 key determinants were confirmed as important predictors and
were included in the final model. Three separate ROC curves were generated (Figure
4.8). The first, General vs. Not, had AUC values of 0.7664 and 0.7609 for the training
and test sets, respectively. The second, Potential vs. Not, had AUC of 0.7124 for the
training set and an AUC of 0.7046 for the test set. The third, Active vs. Not, had AUC
values of 0.8595 and 0.8342 for the training and test sets, respectively. With AUC values
greater than 0.7, active hearing aid users were sufficiently predicted.

Then to examine relative variable importance, a single plot was generated
describing all three groups. Age was identified as the most important predictor of hearing
aid utilization followed by Difficulty Remembering/Concentrating, Difficulty Walking,
Marital Status, and Urban-Rural Classification. Figure 4.9 illustrates the relative variable

importance of all 14 key determinants for the multinomial CART classification.
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Figure 4.9. Multinomial CART Classification - Relative Variable Importance plot
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5 Discussion

Data from the 2021 NHIS Sample Adult Interview allowed the target population of
the new OTC hearing aid rule to be defined and described. Active and potential hearing
aid users were easily separated from the general population and the results were
representative, aligning with literature published before OTC hearing aids were made
publicly available. Approximately 19% of adult respondents were identified as
individuals who may benefit from hearing health reform. This finding was consistent
with multiple reports that indicate that anywhere from 13-20% of Americans report
having some degree of hearing loss (Goman & Lin, 2016; McKee et al., 2022; National
Institute on Deafness and Other Communication Disorders, 2024; World Health
Organization, 2021). Additionally, active hearing aid users were found to comprise 29%
of the target population. This aligns with reports that 20-30% of those who experience

hearing loss seek out hearing aids as an intervention (Kochkin, 2009; Reed et al., 2023).

5.1 Baseline Framework

Understanding access to hearing health services is a complex matter. In 2021, active
hearing aid users represented prescription hearing aid users who obtained their devices
through the traditional provider-driven model, whereas potential hearing aid users were
those who reported having hearing difficulty but did not use hearing aids. A baseline
population health framework was developed and included 43 variables, across six
domains. These variables aligned with several nonaudiological factors previously
identified as having influence on hearing help-seeking and hearing aid uptake in a

systematic review of articles published between 2011 and 2022 (Knoetze et al., 2023).
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All three hearing aid groups were able to be characterized by the baseline framework,

found to be distinct and different, and allowed group differences to be quantified.

5.2 Identification of Key Determinants of Hearing Aid Utilization

Through statistical modeling of the target population, 14 predictors were identified
as key determinants of hearing aid utilization. The variables identified as key
determinants were congruent with factors identified, as either barriers or motivators to
seeking hearing health services, in a comprehensive review of hearing health literature
completed in the pre-implementation period (M. Barnett et al., 2017). Barriers included a
lack of insurance, inconvenience of care, vision and cognitive difficulties, and lack of
support from family/friends. These are captured in the framework by Health Insurance,
Usual Place of Care, Difficulty Seeing and Difficulty Remembering/Concentrating,
Social/Emotional Support and Marital Status. Motivators included acceptance of
communication problems, appointment convenience, and family/social support. These
factors corresponded with Difficulty Communicating, Martial Status, and Social/Emotion

Support.

5.3 Validation of Key Determinants of Hearing Aid Utilization

Regardless of the CART classification approach taken (binary vs. multinomial), the
14 key determinants remained important predictors in the decision trees generated. Both
approaches were shown to sufficiently predict active hearing aid users. However, the
multinomial approach generated a far more complex decision tree with 51 terminal nodes
and the relative variable importance plot lacked granularity about the target population.

Thus, the binary CART classification for the Active-Potential group comparison was
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necessary to understand the barriers and motivators related to hearing aid utilization and

was required to establish a pre-implementation foundation for future comparison.

5.4 Importance of Key Determinants

As expected, for both CART classification approaches, Age was the greatest
predictor of hearing aid utilization (Hoffman et al., 2017; National Institute on Deafness
and Other Communication Disorders, 2024). For active hearing aid users, 82.4% were
identified as over 65 years of age versus 46.8% of potential hearing aid users and 23.5%
of the general population. Policymakers and OTC hearing aid manufacturers should take
note that an additional 30% of the respondents in the target population are currently
categorized as 54-65 years and will become at least 65 years old in the next decade.
Unfortunately, one of the limiting factors with OTC hearing aids is that they require a
Bluetooth device and a certain level of technological fluency. Given that literature
suggests that a digital divide exists, with only 61% of adults over age 65 owning
smartphones, it is possible that for some period of time, older adults may continue to seek
out devices using the traditional provider-driven model (Blustein et al., 2022). This is
furthered by a report that current patients with hearing loss prefer ongoing care from
private practitioners because the encounters are perceived as more efficient (Grutters et
al., 2008). However, in the post-implementation period, it is possible that many potential
users will shift over to become active users. Potential hearing aids users, who are likely to
be younger and more technologically savvy, have a greater probability of benefiting from
the new OTC rule. This is supported by the fact that younger adults are more likely to use
wearable health care devices (Chandrasekaran et al., 2020). That said, in recent years,

many older adults also have reported positive views of technology and mobile health
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applications so perhaps new research about OTC hearing aids will also motivate them to
seek out OTC devices as an intervention for mild to moderate hearing loss (Kuerbis et al.,
2017).

In addition to Age, Marital Status and Usual Place of Care were also identified
among the top five predictors for both group comparisons, based on the relative variable
importance of the binary CART classifications. The high ranking of Marital Status was
unsurprising given that positive support from significant others has been strongly
associated with successful hearing aid outcomes (Hickson et al., 2014). On average,
people typically wait about 7 to 10 years before seeking out assistance for hearing loss
and the likelihood of acquiring hearing aids increases when social pressure is exerted by a
partner (Duijvestijn et al., 2003; Simpson et al., 2019). The high ranking of Usual Place
of Care was also expected. In this pre-implementation dataset, active hearing aid users
were prescription hearing aid users who had to visit a licensed hearing health professional
to obtain their hearing aids. That said, for the Active-General group comparison as well
as the multinomial CART classification, Difficulty Walking/Steps and Difficulty
Remembering/Concentrating were identified as more important than Usual Place of Care.
The inclusion of the general population in these analyses, and the increased size of the
sample compared, likely highlighted age-related differences, therefore elevating the
importance of physical and cognitive limitations which are far more common among
older adults (McKee et al., 2018; Slade et al., 2020).

The greater availability of OTC hearing aids and the shift to a direct-to-consumer
service delivery model for hearing aid acquisition, should reduce barriers by making

hearing aids more accessible and affordable. If successful, this reform should result in an
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increased number of active hearing aid users in the years post-implementation and key
determinants, like Usual Place of Care and Health Insurance, should become less
important. However, if minimal change is observed in future years, it is possible that
policymakers may need to target potential hearing aid users more directly by raising

awareness through marketing and/or educational efforts.

5.5 Limitations

The NHIS went through a significant redesign in 2019 which improved the
response rate, increased data quality and survey relevancy, and decreased respondent
burden (National Center for Health Statistics, 2023; Zablotsky et al., 2023). However,
while great care is taken to collect the NHIS, self-reported data is always susceptible to
reporting bias (Brenner & DeLamater, 2016). Respondents may have chosen more
socially acceptable responses and/or may not have assessed themselves accurately which
could lead to underestimates. However, since there is a perceived stigma associated with
hearing loss and hearing aid utilization, underestimation was already expected within the
target population but also, the assumption that those who responded affirmatively about
hearing aid use were likely being truthful (M. Barnett et al., 2017; Wallhagen, 2010).
This is supported by the fact that Counseling/Therapy from Mental Health Professional
was identified as a key determinant of hearing aid utilization, since seeking out mental
health treatment and support is another area of health care often associated with stigma.
The NHIS also omits institutionalized individuals, including military personnel or older
adults in long-term care facilities, and not including these groups could also result in an
underestimation of the target population. For active duty service members, roughly 13%

were identified as having some degree of hearing impairment and for long-stay residents
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over 70 years of age, 32% reported difficulty hearing (Barr, 2023; McCreedy et al.,
2018). Additionally, vulnerable populations were unable to be fully captured due to the
lack of granularity of variables commonly used to describe diversity, equity, and
inclusion. Sex is still binary, Race & Ethnicity could not be reported as distinct and
separate, and not enough respondents responded to the Sexual Orientation question, so

that variable did not merit inclusion in the baseline framework.
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6 Conclusions

The research presented in this dissertation underscores the potential of leveraging
publicly available data to assess the target population of new reform. By employing a
population health framework and adopting model building strategies, this work
demonstrates the feasibility of conducting rigorous evaluations using existing data
resources. Hearing health was selected as a focal area due to its global significance and
the substantial modifiable risk it poses for dementia, a growing concern for aging
populations worldwide (Livingston et al., 2020). Since OTC hearing aids have only been
available for a short period of time, limited information has been reported about device
efficacy and/or whether the shift to a direct-to-consumer service delivery model has
improved hearing aid utilization among those with hearing difficulty (Manchaiah,
Swanepoel, et al., 2023). Therefore, developing a methodology to assess the future
impact of this reform was necessary to address this knowledge gap and may inform
whether other countries decide to implement similar hearing health policies in the coming
years (F. R. Lin & Chadha, 2023; Willink, Reed, et al., 2021). This dissertation
established a foundation that quantified and characterized the target population of the
new OTC hearing aid rule. A baseline framework was developed and a straightforward
analytical approach was employed to identify and verify the key determinants of hearing

aid utilization.

6.1 Future Implications
The methods employed in this dissertation are not overly complex and are meant to
be repeated. They should be rerun from year to year to determine if and when the OTC

hearing aid rule starts to gain momentum. The new rule was implemented in late 2022, so
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2023 represents the first full year that OTC hearing aids were publicly available. Thus,
NHIS Sample Adult Interview data collected from 2023 onward should be utilized in
future analyses with post-implementation results compared to the pre-implementation
baselines reported in this dissertation. That said, data preprocessing should be carried out,
as described in Appendix B, to ensure the response variable (hearing aid group) is
defined properly and to confirm that the final categories remain consistent for all
predictor variables.

Binary CART classification, with focus on the two group comparisons (Active-
Potential, Active General), is recommended for future analyses because it will allow for
continued tracking of the 14 key determinants of hearing aid utilization and help to
examine whether barriers to access change as intended by policymakers. In an ideal
world, there would be hearing aids for all those who desire them. Until then, the Active-
Potential group comparison is necessary to understand potential barriers and/or
motivators to hearing aid utilization by identifying which factors are most important
among those who do and do not utilize hearing aids as an intervention for hearing loss.
Likewise, the Active-General group comparison is important to identify general health
trends in future analyses.

Additionally, since the NHIS includes a large number of respondents who are not
targeted by the reform, a difference-in-differences (DID) approach could be strategically
employed to further assess the impact of OTC hearing aids in the years post-
implementation (Dimick & Ryan, 2014). The DID method is frequently used in impact
evaluation studies and requires repeated outcome data to effectively estimate the causal

effect of health policies and medical interventions (Fredriksson & Magalhaes de Oliveira,
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2019; A. M. Ryan et al., 2019; Saeed et al., 2019). By comparing changes in outcomes
for those directly affected by OTC hearing aid reform (target population) to changes in
outcomes for a control group who are not directly affected (general population), the DID
method can control for confounding factors and isolate the specific impact of the reform
(Basu et al., 2017). The DID method assumes that, in the absence of the policy change,
the trends in outcomes for both groups would remain parallel over time (Lechner, 2011).
Therefore, by utilizing this approach to analyze outcomes pre- and post-implementation,
the average treatment effect can be estimated and should provide policymakers and

researchers with valuable insights into the effectiveness of OTC hearing aids.

6.2 Final Remarks

With health reform, the bottom line is whether the target population benefits and
success ultimately hinges upon demonstrable improvements to health outcomes.
However, evaluating the impact of novel health policies and new federal regulations
presents a complex challenge, as there is no single approach or methodology that can
readily determine their effectiveness. In an era characterized by misinformation and
heated rhetoric, evidence-based research emerges as an indispensable tool for navigating
these complexities.

Population health frameworks, with their emphasis on understanding the
interconnectedness of various factors that influence health outcomes, can help to identify
relevant determinants and robust statistical modeling can provide insight into how health
systems must evolve to meet the growing needs of an aging population. By thoroughly

evaluating new reform to assess impact, stakeholders can learn from and further advance
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existing health interventions and/or service delivery models as well as inform future
policy efforts.

Consistent and representative, publicly available datasets exist and similar
approaches can and should be applied to examine other emerging health reforms, both
nationally and in other countries. Through rigorous evaluation, policymakers can gain a
deeper understanding of the effectiveness and unintended consequences of new reform,
thereby allowing for more informed decision-making to advance the pursuit of healthier

populations.
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Appendix A: NHIS Sample Adult Questionnaire Brochure
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Figure A.1. Breakdown of NHIS Sample Adult questionnaire content
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Appendix B: Data Preprocessing Procedures

Table B.1. Data preprocessing for Response Variable

Updated Updated
Category Variable NHIS Label Type Units/Levels New Label I3 . I Recode/Clean/Count
Type Units/Levels

. 1-Yes .
- Numeric, 2 No Numeric,
4 HEARAID_A Categorical, 4 Refused Categorical, Clean - 4, 9
= Nominal — Retuse Binary
Ial = 9 — Don’t Know

1] 1 — No difficulty
=) 1-Yes R -2,3,4
=) _ [2=Some difficulty ) o Cxibath &
ae Numberic, 55 5F difficulty Numeric,
§ Zz HEARINGDF_A Categorical, HEARINGDF_RL Categorical, |2 — No Recode - 1
5 (=] Ordinal 4 — Cannot do at all Binary
= 7 — Refused
<o Tean -
E @»n 9 — Don't Know Clzm=%9
Eg % 1 — Active Hearing Aid Users |Recode - HEARAID_A (1 - Yes)
= & .
3 < Numeric, 2 — Potential Hearing Aid Recode - HEARAID_A (2 - No) &
Hearing Aid Group GROUP_RL Categorical, | {jgers HEARINGDE RL (I - Yes)
§ Nominal =
. Recode - HEARAID_A (2 - No) &
3 — General Population HEARINGDF RL (2 - No)
| Response Variable | Recode | Count Clean

Table B.2. Data preprocessing for Household Predictors

Updated Updated
Domain Variable NHIS Label Type Units/Levels New Label I7i] . I73E] Recode/Clean/Count
Type Units/Levels
N . 1 — Large central metro
umeric. -
Urban-Rural N - |2~ Large fringe metro
Classification URAAAL Categ«)ma], 3 — Medium and small metro
Nominal ~
4 — Nonmetropolitan
N . 1 — Northeast
umeric. -
* |2 — Midwest
Region REGION Categorical, 1awes
- 3 — South
Nominal
4 - West
1 — High food security
Numeric, |2 — Marginal food security
Food Security FDSCAT4_A Categorical, |3 — Low food security Clean - 8
Ordinal 4 — Very low food security
8 — Not Ascertained
1 — Owned or being bought
. 2 — Rented
Numeric, 3 — Other arrangement
Home Ownership |HOUTENURE_A | Categorical, = Clean -7, 8,9
- 7 — Refused
Nominal n
3 8 — Not Ascertained
=] 9 — Don’t Know
E Numeric, 1 — 1 adult
% Number of Adults |PCNTADLT_A Categorical, |2 — 2 adults
(=) Ordinal 3 — 3+ adults
= _ |0=0children
Numeric, 11 child
Number of Children [PCNTKIDS_A Categorical, -
- . 2 — 2 children
Ordinal -
3 — 3+ children
01 —0.00-0.49 1-0.00-0.99 Recode - 1,2, 3
02 - 0.50-0.74 2 - 1.00-1.99 Recode - 4, 5, 6, 7
03 —0.75-0.99 3 -2.00-2.99 Recode - 8, 9
04 —1.00-1.24 4—3.00-3.99 Recode - 10, 11
05 —1.25-1.49 5—4.00-4.99 Recode - 12, 13
N . 06 —1.50-1.74
. jumeric
Ratio of Income to C 107 - 1.75-1.99
Poverty Threshold | RATCATA Categorical, 0o 02 49 RATCAT RL
Ordinal
09 —2.50-2.99
10 — 3.00-3.49 6—5.00+ Recode - 14
11-3.50-3.99
12 —4.00-4.49
13 — 4.50-4.99
14 — 5.00 or greater
| Predictor Variable | Recode Count Clean
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Table B.3. Data preprocessing for Demographic Predictors

Domain

g
==}
S
&
Q
]
=
=
a

Variable NHIS Label Type Units/Levels New Label Undated I'deated Recode/Clean/Count
Type Units/Levels
18-84 — Continuous 1 — 18-24 years Recode - all between 18-24
85 — 85+ years 2 —25-34 years Recode - all between 25-34
Numeric, 97 — Refused 3 — 35-44 years Recode - all between 35-44
intcgcr 99 — Don’t Know Numeric. 4 — 45-54 years Recoge - aﬂ Eetween 45-54
Continuous - |5—55-64 years Recode - all between 55-64
Age AGEP_A 1-84, over AP L, Catefgorlcal, 6 —65-74 iears Recode - all between 65-74
85 listed as Ordinal 7 — 75-84 years Recode - all between 75-84
85) 8 — 85+ years Recode - greater than or equal 85
Clean - 97, 99
. 1 — Male .
Numeric, > Female Numeric,
Sex SEX_A Categorical, Categorical, Clean-7,9
Nominal 7 Refused Binary
9 — Don’t Know
01 —Grade 1 —11 1 — GED or Less Recode - 1,2, 3
02 — 12th grade, no diploma 2 — High School Recode - 4
03 — GED or equivalent 3 — Some College Recode - 5, 6, 7
04 — High School Graduate 4 — Bachelor's degree Recode - 8
05 — Some college, no degree
06 — Associate degree:
Numeric, occup.alional, technical,
Education EDUCP A Categorical, [Loc2tional_ EDUCP_RL
Ordinal 07 — Associate degree:
academic 5 — Graduate degee(s) Recode - 9, 10
08 — Bachelor’s degree
09 — Master’s degree
10 — Professional school or
Doctoral degree
97 — Refused
99 — Don’t Know Clean - 97, 99
01 — Hispanic 1 — Hispanic
02 — Non-Hispanic White only 2 — Non-Hispanic White Only
03 — Non-Hispanic 3 — Non-Hispanic
Numetic. Black/African American only Black/African American Only
Race & Ethnicity |HISPALLP_A Categorical, |~ Non-Hispanic Asian only |y epypyp pr 4~ Non-Hispanic Asian Only
Nominal 05 — Non—H{spanfc AIAN only
06 — Non-Hispanic AIAN and 5 — Other single or multiple
any other group races Recode - 5, 6, 7
07 — Other single and multiple
races
1 — Separated
2 — Divorced
Numeric, 3 — Married
Marital Status LEGMSTAT_A Categorical, |4 — Single/never married Clean - 9
Nominal 5 — Widowed
9 — Unknown legal marital
status
1 - Yes
Numeric, 2 —-No Numeric,
Citizenship CITZNSTP_A Categorical, |7 — Refused Categorical, Clean - 7, 8,9
Nominal 8 — Not Ascertained Binary
9 — Don’t Know
1-Yes
Numeric, 2 —-No Numeric,
Employment EMPWRKLSWI1_A |Categorical, |7 — Refused Categorical, Clean - 7, 8,9
Nominal 8 — Not Ascertained Binary
9 — Don’t Know
| Predictor Variable | Recode Count Clean
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Table B.4. Data preprocessing for Health Status Predictors

0 q n Updated Updated
Domain Variable NHIS Label Type Units/Levels New Label I . pd Recode/Clean/Count
Type Units/Levels
1 — Excellent
2 — Very Good
Numeric, |3 — Good
General Health Status [PHSTAT_A Categorical, [4 — Fair Clean -7, 9
Ordinal 5 — Poor
7 — Refused
9 — Don’t Know
1 — Very Satisfied
2 — Satisfied
Numeric, |3 — Dissatisfied
Life Satisfaction ~ |[LSATIS4R_A Categorical, [4 — Very Dissatisfied Clean -7, 8,9
Ordinal 7 — Refused
8 — Not Ascertained
9 — Don’t Know
1 — Underweight
Numeric, |2 — Healthy weight
Body Mass Index |BMICAT_A Categorical, |3 — Overweight Clean - 9
Ordinal 4 — Obese
9 — Unknown
Categorical. 1—Yes Numeric,
Disability Indicator |DISAB3_A Nomginal 12 -No Categorical, Clean -3
3 — Don’t Know Binary
. 1-Yes
Numeric, 7 No
CHDEV_A Categorical, - 0 — No Cardio Conditions
- ? 7 — Refused
Nominal
9 — Don’t Know
. 1—Yes
Numeric, 2 No
ANGEV_A Categorical, T Refused 1 — 1 Cardio Condition
Nominal 9 Don't Know Count (1 - Yes) - CHDEV_A,
r— ANGEV_A, MIEV_A, STREV_A;
Numerie, = HYPEV_A, CHLEV A
MIEV_A Categorical, [-— 0. 2 -2 Cardio Conditions
- Nominal 7 — Refused N .
. 5 umeric,
Carvdmv.a.suular 9 — Don’t Know c 10 RL Categorical,
Conditions . 1—Yes - .
‘Numeric, TN Ordinal
STREV_A Categorical, =— o 3 — 3+ Cardio Conditions
H 7 — Refused
Nominal
%) 9 — Don’t Know
= 1 Yes
: Numeric, > st
= y ica —
& HYPEV_A Cdtegoncdl, 7 Refused
= Nominal 9 —Don’t Know
5 Clean -7,9
=z . 1 —Yes
1 Numeric,
= T | . . 2-No
=-1 CHLEV_A Categorical,
H 7 — Refused
Nominal
9 — Don’t Know
. 1—Yes
Numeric, 7 No
COPDEV_A Categorical, 0 — No Chronic Conditions
- H 7 — Refused
Nominal
9 —Don’t Know
. 1-Yes
Numeric, 2 No
ARTHEV_A Categorical, 7~ Refused 1 — 1 Chronic Condition
H cfuse
Nominal 9 Don't Know Count (1 - Yes) - COPDEV_A,
v ARTHEV_A, DEMENEV_A,
) Numeric, ANXEV_A, DEPEV_A
Other Chronic C |2-No . .. - -
. DEMENEV_A Categorical, OTHER_RL 2 — 2 Chronic Conditions
Conditions - i 7 — Refused -
Nominal
9 — Don’t Know
. 1-Yes
Numeric, 2 No
ANXEV_A Categorical, 3 — 3+ Chronic Conditions
H 7 — Refused
Nominal
9 — Don’t Know
. 1—Yes
Numeric,
. 2-No
DEPEV_A Categorical, Clean -7,9
- H 7 — Refused
Nominal
9 — Don’t Know
. 1-Yes .
Numeric, 2 No Numeric,
Cancer CANEV_A Categorical, Categorical, Clean - 7, 9
H 7 — Refused .
Nominal Binary
9 — Don’t Know
. 1—Yes .
Numeric, 2 No Numeric,
Diabetes DIBEV_A Categorical, Categorical, Clean-7,9
- H 7 — Refused .
Nominal Binary
9 — Don’t Know
. 1-Yes .
Numeric, 2 No Numeric,
Asthma ASEV_A Categorical, Categorical, Clean - 7,9
. 7 — Refused .
Nominal = Binary
9 — Don’t Know
. 1—Yes .
Numeric, 2 No Numeric,
Epilepsy EPIEV_A Categorical, Categorical, Clean -7, 9
- H 7 — Refused .
Nominal Binary
9 — Don’t Know
| Predictor Variable | Recode | Count Clean
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Table B.5. Data preprocessing for Health Limitations Predictors

Updated Updated
Domain Variable NHIS Label Type Units/Levels New Label pd . s Recode/Clean/Count
Type Units/Levels
1 — No difficulty 1-Yes Recode - 2, 3, 4
. 2 — Some difficulty . 2-No Recode - 1
Numerie. 3730 of diffieulty Numeric,
Difficulty Seeing |VISIONDF_A Categorical, - VISIONDF_RL Categorical,
Ordinal 4 — Cannot do at all Bina Cl 79
7 — Refused i St
9 — Don’t Know
1 — No difficulty 1 - Yes Recode - 2, 3, 4
Numeri 2 — Some difficulty Numeric. 2 — No Recode - 1
. ul C. - ul ¢
Difficult ’ |3 = Alot of difficult ’
Hheutty DIFF A Categorical, ol of CITieuly DIFF RL Categorical,
Walking/Steps - . 4 — Cannot do at all - .
“ Ordinal Binary Clean - 7, 9
z 7 — Refused
<) 9 — Don’t Know
; 1 — No difficulty 1—Yes Recode - 2, 3, 4
= Numeri 2 — Some difficulty Numeri 2—No Recode - 1
=] . umeric, — - umeric,
= Difficulty COMDIFF_A Categorical, [ lot of difficulty COMDIFF_RL Categorical,
=] Communicating 5 4 — Cannot do at all .
= Ordinal Binary Clean- 7,9
= 7 — Refused
j 9 — Don’t Know
=) 1 — No difficulty 1—Yes Recode - 2, 3, 4
= . _ [2=Some difficulty  [2-Ne Recode - 1
Difficulty Numeric, 3 A lot of difficul Numeric,
Remembering/ COGMEMDFF_A |Categorical, [~ ty COGMEMDFF_RL |Categorical,
. . 4 — Cannot do at all .
Concentrating Ordinal Binary Clean- 7,9
7 — Refused
9 — Don’t Know
1 — No difficulty 1-Yes Recode - 2, 3, 4
Numeric, 2 — Some difficulty Numeric. 2 — No Recode - 1
. . ul B - ul B
Difficult; h Self- ’ — A lot of difficult; ’
ifficulty with Self- 1o FeR_A Categorical, [>—2lot of difficulty UPPSLFCR RL  |Categorical,
Care Ordinal 4 — Cannot do at all Binar Clean-7. 9
7 — Refused Y U
9 — Don’t Know
| Predictor Variable | Recode Count Clean
Table B.6. Data preprocessing for Social Functioning & Support Predictors
Updated Updated
Domain Variable NHIS Label Type Units/Levels New Label o . I Recode/Clean/Count
Type Units/Levels
1 — No difficulty 1—Yes Recode - 2, 3, 4
N . 2 — Some difficulty N . 2—-No Recode - 1
. . umeric, - umeric,
Diffieulty Doing | pprNDs A |Categorical, [o—aoLof difficulty SOCERRNDS RL |Categorical,
- Errands Alone Ordinal 4 — Cannot do at all Bina Clean -7, 9
x~ 7 — Refused Yy o
8 9 —Don’t Know
& 1 — No difficulty 1-Yes Recode - 2, 3, 4
g N . 2 — Some difficulty N R 2 -No Recode - 1
. . umeric, — e 'umeric,
R ety Particinatingl gy g pAR A | Categorical, [P lotof difficulty SOCSCLPAR RL  |Categorical,
Z. in Social Events Ordinal 4 — Cannot do at all Bina Cl 7,9
Z 7 — Refused i st
9 9 — Don’t Know
=)
1] N . 1-Yes N .
= Work Limited Due to umere, 15" No umerc,
) i i -
= Health Problem SOCWRKLIM_A Catcgoncal, T Refused Cfncgoncal, Clean - 7,9
- Nominal Binary
< 9 — Don’t Know
5 1 - Always
8 . 2 - Usually
Social/Emotional Numeric, 3 - Sometimes
SUPPORT_A Categorical, Clean - 7
Support - . 4 - Rarely
Ordinal
5 - Never
7 - Refused
| Predictor Variable | Recode Count Clean
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Table B.7. Data preprocessing for Health Utilization & Access Predictors

Domain

v
wn
=
Q
®]
<
2
4
=]
=
=
<
N
-
=
=
=
=]
=
=
-
<
=
=

Variable NHIS Label Type Units/Levels New Label Undated ['deated Recode/Clean/Count
Type Units/Levels
0 — Never 0 — Never
1 — Within the past year 1 — Within the past year
2 — Within the last 2 years 2 — Within the last 2 years
) ) Numeric, 3 W?thim the last 3 years 3 - W?thin the last 3 years
Time Since Last Saw LASTDR_A Categorical, 4 - W!thfn the last 5 years LASTDR_RL 4 — Within the last 5 years
Doctor Ordinal 5 — Within the last 10 years 5 — 5 years ago or more Recode - 5, 6
6 — 10 years ago or more
7 — Refused
8 — Not Ascertained CEm=hEhd
9 — Don’t Know
1 —Yes 1 —Yes Recode - 1, 3
2 — There is NO place
Numeric, 3 — There is MORE THAN Numeric,
Usual Place of Care [USUALPL_A Categorical, |ONE place USUALPL_RL Categorical, |2 — No
Nominal 7 — Refused Binary
8 — Not Ascertained
9 — Don’t Know Clean - 7, 8, 9
0 - 0 times 0 - 0 times
1 -1 time 1 — 1 time
2 - 2 times 2 — 2 times
Numeric, 3 - 3 times
Urgent Care Visits [URGNTI2MTC_A [Categorical, |4 - 4 times URGNT12MTC_RL
Ordinal 5 - 5+ times 3 — 3+ times Recode - 3, 4, 5
7 — Refused
8 — Not Ascertained
9 — Don’t Know Clean - 7, 8, 9
0 — 0 times 0 — 0 times
1 — 1 time 1 -1 time
. 2 — 2 times 2 — 2 times
Emergency Room Numeru.:, 3 — 3 times
. EMERGI2MTC_A |Categorical, - EMERGI12MTC_RL
Visits Ordinal 4 4+ times 3 — 3+ times Recode - 3, 4
7 — Refused ’
8 — Not Ascertained
9 — Don’t Know Clean - 7, 8, 9
1 —Yes
Hospitalized Numeri(.:, 2-No Numeric.:,
Overnight HOSPONGT_A Catcgorlcal, 7 — Refused C.atcgormal, Clean - 7, 8, 9
Nominal 8 — Not Ascertained Binary
9 — Don’t Know
1 - Yes
Numeric, |2 —No Numeric,
Home Care HOMEHCI2M_A [Categorical, |7 — Refused Categorical, Clean-7, 8,9
Nominal 8 — Not Ascertained Binary
9 — Don’t Know
1 - Yes
Counseling/ Therapy Numeric, |2 —No Numeric,
from Mental Health [MHTHRPY_A Categorical, |7 — Refused Categorical, Clean -7, 8,9
Professional Nominal 8 — Not Ascertained Binary
9 — Don’t Know
1-Yes
Took Prescription Numeri?, 2-No Numerig
L RXI2M_A Categorical, |7 — Refused Categorical, Clean - 7, 8,9
Medications - - .
Nominal 8 — Not Ascertained Binary
9 — Don’t know
. 1-Yes .
Numeric, 7 No Numeric,
Health Insurance  |[HICOV_A Categorical, Categorical, Clean - 7, 9
Nominal 7~ Refused Binary
9 — Don’t Know
1—Yes
Problems Paying Numeri(‘;, 2= No. Numeri(f,
Medical Bills PAYBLLI2M_A Categorical, |7 — Refused Categorical, Clean - 7, 8, 9
Nominal 8 — Not Ascertained Binary
9 — Don’t know
| Predictor Variable | Recode Count Clean
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Appendix C: Baseline Framework Variables with Final Categories

Table C.1. Full categories and distributions for all 43 variables in the baseline
framework for the populations of interest (adapted from Kruger et al., 2024)

DOMAIN

E
=
A
%
Q
)
=
=
a

Target Population
) ) General Active Potential
Variable Categories Population | Hearing | Hearing
Count (%) | Aid Users | Aid Users
Count (%) | Count (%)
18-24 1566 (7.3) 4(0.3) 91 (2.5)
25-34 3711 (17.2) 21(1.4) 284 (7.9)
35-44 3937 (18.3) 38 (2.6) 356 (9.9)
45-54 3355 (15.6) 54 (3.6) 449 (12.5)
Age
55-64 3912 (18.2) 145 (9.7) 735 (20.4)
65-74 3258 (15.1) 417 (28.0) 873 (24.3)
75-84 1460 (6.8) 491 (33.0) 586 (16.3)
85+ 338 (1.6) 319 (21.4) 225 (6.3)
Male 9635 (44.7) 832 (55.9) 1775 (49.3)
Sex
Female 11902 (55.3) 657 (44.1) 1824 (50.7)
GED or less 2141 (9.9) 154 (10.3) 474 (13.2)
High school 4709 (21.9) 338 (22.7) 865 (24.0)
Education Some college 5894 (27.4) 433 (29.1) 1105 (30.7)
Bachelor’s degree 5383 (25.0) 311 (20.9) 720 (20.0)
Graduate degree(s) 3410 (15.8) 253 (17.0) 435 (12.1)
Hispanic 3241 (15.0) 61 (4.1) 302 (8.4)
Non-Hispanic White 13853 (64.3) 1305 (87.6) 2847 (79.1)
.. Non-Hispanic
Race & Ethnicity Black/African American 2432 (11.3) 59 (4.0) 244 (6.8)
Non-Hispanic Asian 1461 (6.8) 40 (2.7) 94 (2.6)
Other single or multiple 550 (2.6) 24 (1.6) 112 3.1)
races
Separated 359 (1.7) 8(0.5) 53 (1.5)
Divorced 3207 (14.9) 197 (13.2) 694 (19.3)
Marital Status Married 10246 (47.6) 756 (50.8) 1648 (45.8)
Single/never married 6054 (28.1) 95 (6.4) 641 (17.8)
Widowed 1671 (7.8) 433 (29.1) 563 (15.6)
Yes 20023 (93.0) 1473 (98.9) 3500 (97.2)
Citizenship Status
No 1514 (7.0) 16 (1.1) 99 (2.8)
Yes 13629 (63.3) 313 (21.0) 1557 (43.3)
Employment
No 7908 (36.7) 1176 (79.0) 2042 (56.7)
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HOUSEHOLD

HEALTH STATUS

Large central metro 6772 (31.4) 307 (20.6) 865 (24.0)
Ukl Larg'e fringe metro 5130 (23.8) 345 (23.2) 797 (22.1)
Classification Medium and;‘z‘;g 6712(312) | 564 (37.9) | 1208 (33.6)
Nonmetropolitan 2923 (13.6) 273 (18.3) 729 (20.3)
Northeast 3485 (16.2) 239 (16.1) 478 (13.3)
R Midwest 4586 (21.3) 358 (24.0) 889 (24.7)
South 7915 (36.8) 505 (33.9) 1310 (36.4)
West 5551 (25.8) 387 (26.0) 922 (25.6)
High 19370 (89.9) 1398 (93.9) 3120 (86.7)
Ity Sty Marginal 1006 (4.7) 46 (3.1) 202 (5.6)
Low 695 (3.2) 26 (1.7) 143 (4.0)
Very low 466 (2.2) 19 (1.3) 134 (3.7)
Residence Owned or being bought 14515 (67.4) 1222 (82.1) 2609 (72.5)
o Rented 6612 (30.7) 228 (15.3) 907 (25.2)
Other arrangement 410 (1.9) 39 (2.6) 83 (2.3)
1 7559 (35.1) 628 (42.2) 1469 (40.8)
Number of Adults 2 10756 (49.9) 755 (50.7) 1709 (47.5)
3+ 3222 (15.0) 106 (7.1) 421 (11.7)
0 15074 (70.0) 1416 (95.1) 2968 (82.5)
Number of Children 1 2695 (12.5) 3524 269 (7.5)
2 2409 (11.2) 26 (1.7) 255 (7.1)
3+ 1359 (6.3) 12 (0.8) 107 (3.0)
0.00-0.99 2031 (9.4) 87 (5.8) 369 (10.3)
et ity 1.00-1.99 3598 (16.7) 267 (17.9) 677 (18.8)
2.00-2.99 3389 (15.7) 267 (17.9) 651 (18.1)

Income to Poverty
Threshold 3.00-3.99 2708 (12.6) 203 (13.6) 479 (13.3)
4.00-4.99 2559 (11.9) 172 (11.6) 422 (11.7)
5.00+ 7252 (33.7) 493 (33.1) 1001 (27.8)
Excellent 5491 (25.5) 197 (13.2) 409 (11.4)
General Health Very good 7763 (36.0) 461 (31.0) 1092 (30.3)
Status Good 5779 (26.8) 510 (34.3) 1201 (33.4)
Fair 2001 (9.3) 231 (15.5) 642 (17.8)
Poor 503 (2.3) 90 (6.0) 255 (7.1)
Very satisfied 10589 (49.2) 745 (50.0) 1375 (38.2)
Life Satisfaction : Sat'isﬁed 9974 (46.3) 655 (44.0) 1925 (53.5)
Dissatisfied 753 (3.5) 70 (4.7) 244 (6.8)
Very dissatisfied 221 (1.0) 19 (1.3) 55(1.5)
Underweight 326 (1.5) 34(2.3) 54 (1.5)
Sy s Ll Healthy we%ght 6996 (32.5) 478 (32.1) 986 (27.4)
Overweight 7361 (34.2) 572 (38.4) 1217 (33.8)
Obese 6854 (31.8) 405 (27.2) 1342 (37.3)
IOl onerton Yes 1385 (6.4) 355 (23.8) 847 (23.5)
No 20152 (93.6) 1134 (76.2) 2752 (76.5)
Cancer Yes 2183 (10.1) 470 (31.6) 700 (19.4)
No 19354 (89.9) 1019 (68.4) 2899 (80.6)
Diabetes Yes 1962 (9.1) 254 (17.1) 572 (15.9)
No 19575 (90.9) 1235 (82.9) 3027 (84.1)
Asthma Yes 2888 (13.4) 187 (12.6) 595 (16.5)
No 18649 (86.6) 1302 (87.4) 3004 (83.5)
Sy Yes 315 (1.5) 34(2.3) 100 (2.8)
No 21222 (98.5) 1455 (97.7) 3499 (97.2)
0 11975 (55.6) 312 (20.9) 1178 (32.7)
Cardiovascular 1 5505 (25.6) 478 (32.1) 1121 31.2)
Conditions 2 3041 (14.1) 433 (29.1) 897 (24.9)
3+ 1016 (4.7) 266 (17.9) 403 (11.2)
0 13477 (62.6) 536 (36.0) 1347 (37.4)
Other Chronic 1 4704 (21.8) 562 (37.7) 1158 (32.2)
Health Conditions 2 2394 (11.1) 260 (17.5) 675 (18.8)
3+ 962 (4.5) 131 (8.8) 419 (11.6)
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HEALTH
LIMIATATIONS

HEALTH UTILIZATION

& ACCESS

Yes 3179 (148) | 354(23.8) | 1210 (33.6)
Difficulty Seeing
No 18358 (85.2) | 1135(76.2) | 2389 (66.4)
sl Yes 3443 (16.0) | 614 41.2) | 1357 (37.7)
Walking/Steps No 18094 (84.0) | 875 (58.8) | 2242 (62.3)
Difficulty Yes 696 (32) | 211 (14.2) 388 (10.8)
Communicating No 20841 (96.8) | 1278 (85.8) | 3211 (89.2)
Difficulty Yes 3592 (16.7) | 583(39.2) | 1564 (43.5)
Remembering/
Concentrating No 17945 (83.3) | 906 (60.8) | 2035 (56.5)
Difficulty with Yes 616 (2.9) 134 (9.0) 303 (8.4)
Self-Care No 20921 (97.1) | 1355(91.0) | 3296 (91.6)
Never 51(0.2) 1(0.1) 4(0.1)
Within past year 17752 824) | 1414 (95.0) | 3179 (88.3)
Time Since Last Saw Within last 2 years 2185 (10.1) 46 (3.1) 260 (7.2)
Doctor Within last 3 years 662 (3.1) 12 (0.8) 56 (1.6)
Within last 5 years 442 (2.1) 6 (0.4) 51(1.4)
5 years ago or more 445 (2.1) 10 (0.7) 49 (1.4)
Yes 19450 (90.3) | 1462 (982) | 3377 (93.8)
Usual Place of Care
No 2087 (9.7) 27(1.8) 222 (6.2)
Yes 20026 (93.0) | 1472 (98.9) | 3434 (95.4)
Health Insurance
No 1511 (7.0) 17 (1.1) 165 (4.6)
0 15875 (73.7) | 1144 (76.8) | 2643 (73.4)
1 3229 (15.0) | 201 (13.5) 485 (13.5)
Urgent Care Visits
2 1452 (6.7) 93 (6.3) 261 (7.3)
3+ 981 (4.6) 51 (3.4) 210 (5.8)
0 17885 (83.0) | 1133 (76.1) | 2772 (77.0)
Emergency Room 1 2427 (113) | 238 (16.0) 502 (13.9)
Visits 2 801 (3.7) 79 (5.3) 196 (5.5)
3+ 424 (2.0) 39 (2.6) 129 (3.6)
Thogakatzd Yes 1685 (7.8) | 219 (14.7) 414 (11.5)
Ovemight No 19852(922) | 1270 85.3) | 3185 (88.5)
Received Care at Yes 765 (3.6) 168 (11.3) 279 (7.8)
LAl No 20772 (96.4) | 1321 (88.7) | 3320 (92.2)
Counseling/Therapy Yes 2429 (11.3) 137 9.2) 459 (12.8)
from Mental Health
Professional No 19108 (88.7) 1352 (90.8) 3140 (87.2)
el B Yes 14167 (65.8) | 1349 (90.6) | 2999 (83.3)
e No 7370 (34.2) 140 9.4) | 600 (16.7)
bl Ear Yes 1969 (9.1) 91 (6.1) 493 (13.7)
Medical Bills No 19568 90.9) | 1398 93.9) | 3106 (86.3)




ety g Yes 1313 (6.1) 278 (18.7) 564 (15.7)

Errands Alone No 20224 (93.9) | 1211 81.3) | 3035 (84.3)

&) Difficulty Yes 1618 (7.5) | 248 (16.7) 672 (18.7)
Z Participating in

% _ Social Activities No 19919 (92.5) | 1241 (83.3) | 2927 (81.3)

E g Work Limited Duc Yes 3412 (15.8) 519 (34.9) | 1209 (33.6)

Z E to Health Problem No 18125842) | 970 65.1) | 2390 (66.4)

=

£ 3 Always 12166 (56.5) 886 (59.5) | 1791 (49.8)

3 Usually 5514 (25.6) 382(25.7) | 1000 (27.8)

3 Social/Emotional Someti 2327 (10.8 142 (9.5 498 (13.8

St ometimes (10.8) 9.5) (13.8)

Rarely 681 (3.2) 36 (2.4) 184 (5.1)

Never 849 (3.9) 43 (2.9) 126 (3.5)

120




	Dedication
	Acknowledgments
	Abstract of Dissertation
	List of Figures
	List of Tables
	List of Acronyms
	1 Introduction
	1.1 Background
	1.2 Research Motivation
	1.3 Problem Statement
	1.4 Research Objective
	1.5 Research Questions and Hypotheses
	1.6 Overview of Dissertation

	2 Literature Review
	2.1 Health Systems
	2.2 Health Reform
	2.2.1 Aging Populations
	2.2.2 Chronic Health Conditions
	2.2.3 Technological Innovation

	2.3 Hearing Health Reform
	2.3.1 Prevalence of Hearing Loss
	2.3.2 Types of Hearing Loss
	2.3.3 Consequences of Hearing Loss
	2.3.4 Intervention and Management of Hearing Loss
	2.3.5  Barriers to Hearing Aid Utilization
	2.3.6 Over-the-Counter Hearing Aids

	2.4 Health Reform Evaluation
	2.4.1 Population Health Frameworks

	2.5 Publicly Available Data
	2.5.1 Hearing Health Data


	3 Methodology
	3.1 Data Source
	3.2 Population
	3.3 Variable Selection
	3.4 Baseline Framework
	3.5 Data Preprocessing
	3.6 Statistical Analysis
	3.6.1 Baseline Framework
	3.6.2 Identification of Key Determinants of Hearing Aid Utilization
	3.6.3 Validation of Key Determinants of Hearing Aid Utilization


	4 Results
	4.1 Baseline Framework
	4.2 Identification of Key Determinants of Hearing Aid Utilization
	4.3 Validation of Key Determinants of Hearing Aid Utilization
	4.3.1 Primary Binary CART Classification
	4.3.2 Secondary Binary CART Classification
	4.3.3 Multinomial CART Classification


	5 Discussion
	5.1 Baseline Framework
	5.2 Identification of Key Determinants of Hearing Aid Utilization
	5.3 Validation of Key Determinants of Hearing Aid Utilization
	5.4 Importance of Key Determinants
	5.5 Limitations

	6 Conclusions
	6.1 Future Implications
	6.2 Final Remarks

	References
	Appendix A: NHIS Sample Adult Questionnaire Brochure
	Appendix B: Data Preprocessing Procedures
	Appendix C: Baseline Framework Variables with Final Categories

