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Abstract

Hearing loss affects over 500 million people globally, is the fourth leading cause
of years lived with disability worldwide, and carries an economic burden of over $700
billion annually.!® In the United States (US), one in three persons over the age of 60 have
hearing loss, yet only 20% of those with hearing loss utilize a hearing aid.*® This
treatment gap leaves 80% of hearing-impaired older adults without treatment that has
proven effectiveness in enhancing quality of life, reducing loneliness, and potentially
improving physical and cognitive health.®” While early hearing aid provision and use is
associated with better long-term hearing outcomes, patients may wait on average 10-15
years before seeking treatment for hearing loss due to several factors including
psychosocial factors, cost, and lack of awareness of their hearing loss.5?

Adult hearing screening programs have the potential to address the failure in
detection and diagnosis that contributes to the majority of patients with hearing loss not
receiving effective treatment. One randomized trial of a hearing screening program in
US veterans found increased uptake of hearing aids in screened patients.'” However,
current US clinical guidelines on adult hearing screening are conflicting, with some
recommending frequent screening and others giving no guidance due to sparse data.!!

While international stakeholders have increasingly called for investment to

alleviate the impact of hearing loss, US policymakers do not currently have sufficient
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quantitative evidence around long-term clinical and economic effects of adult hearing
screening programs.'>!4 Further, both the NIDCD and National Academy of Medicine
have called for research identifying cost-effective strategies for hearing loss diagnosis
and treatment. Decision analysis is one quantitative method that can synthesize existing
evidence to clarify long-term dynamics and trade-offs inherent in hearing health policy
decisions. Indeed, decision models have had wide-reaching policy implications in the
hearing health care space.’® For example, these models have demonstrated the projected
cost-effectiveness of pediatric and adult cochlear implantation and newborn hearing
screening, informing coverage decisions of cochlear implants and newborn hearing
screening guidelines in the US and internationally. Decision analysis can also identify
optimal areas for future research investment through value of information (VOI)
analysis. However, there is a dearth of evidence regarding long-term impacts of adult
hearing screening policies: a recent systematic review identified no decision models that

evaluate adult hearing screening programs in the US.'® This dissertation addresses this

evidence gap via three specific aims with the long-term goal of helping policymakers

identify the most effective and cost-effective adult hearing screening strategies for their

populations.

Aim 1: To develop and validate a decision modeling framework of adult hearing

screening, diagnosis, and treatment.



We collaborated with the Lancet Commission on Hearing Loss to outline model
structure, identify input data sources, and calibrate/validate DeciBHAL-US (Decision
model of the Burden of Hearing loss Across the Lifespan). We populated the model with
literature-based estimates and validated the conceptual model with key informants. We
validated key model endpoints to the published literature, including: 1) natural history
of sensorineural hearing loss (SNHL), 2) natural history of conductive hearing loss
(CHL), and 3) the hearing loss cascade of care. We reported the coefficient of variance
root mean square error (CV-RMSE), considering values <15% to indicate adequate fit.
For SNHL prevalence, the CV-RMSE for model projected male and female age-specific
prevalence compared to sex-adjusted National Health and Nutrition Examination
Survey (NHANES) data was 4.9 and 5.7%, respectively. Incorporating literature-based
age-related decline in SNHL, we validated mean four-frequency average hearing loss in
the better ear (dB) among all persons to longitudinal data (CV-RMSE=11.3%). We
validated the age-stratified prevalence of CHL to adjusted NHANES data (CV-
RMSE=10.9%). We incorporated age- and severity-stratified time to first hearing aid
(HA) use data and HA discontinuation data (adjusted for time-period of use) and
validated to NHANES estimates on the prevalence of adult HA use (CV-RMSE=10.3%).
Our results indicate adequate model fit to internal and external validation data. Future

incorporation of cost and severity-stratified utility data will allow for cost-effectiveness
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analysis of US hearing healthcare interventions across the lifespan. Further research

might expand the modeling framework to international settings.

Aim 2: To project clinical and economic effects of adult hearing screening programs in
the US.

We sought to estimate long-term clinical and economic effects of alternative
adult hearing screening schedules in the US. Our design was a model-based cost-
effectiveness analysis simulating current detection and linkage of persons with HL to
hearing healthcare (Current Detection; CD) compared to alternative screening schedules
varying by age at first screen (45 to 75 years) and screening frequency (every 1 or 5
years). Simulated persons experience yearly age- and sex-specific probabilities of
acquiring HL, and subsequent hearing aid uptake (0.5-8%/year) and discontinuation (13-
4%). Quality-adjusted life-years (QALYs) were estimated according to hearing level and
treatment status. Costs include screening ($30-120; 2020 USD), HL diagnosis ($300), and
hearing aid devices ($3,690 year 1, $910/subsequent year). The intervention was
alternative screening schedules that increase baseline probabilities of hearing aid uptake
(base-case 1.62-fold; range 1.05-2.25-fold). We found that CD resulted in 1.20 average
person-years of hearing aid use compared to 1.27-1.68 with the screening schedules.
Lifetime total per-person undiscounted costs were $3,300 for CD and ranged from $3,630

for 5-yearly screening beginning at age 75 to $6,490 for yearly screening beginning at age
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45. In cost-effectiveness analysis, yearly screening beginning at ages 75, 65, and 55 years
had ICERs of $39,100/QALY, $48,900/QALY, and $96,900/QALY, respectively. Results
were most sensitive to variations in hearing aid utility benefit and screening
effectiveness. We conclude that yearly hearing screening beginning at age 55 is cost-

effective by US standards.

Aim 3: To inform future research prioritization through value of information analysis.
We sought to project the monetary value of future research clarifying
uncertainties around the optimal adult hearing screening schedule. We used a validated
decision model of hearing loss natural history, diagnosis, and treatment (DeciBHAL-US)
to simulate current detection and linkage of hearing loss versus several hearing
screening schedules. Key model inputs included hearing loss incidence (0.06-
10.42%/year), hearing aid uptake (0.54-8.14%/year), screening effectiveness (1.62x
hearing aid uptake), utility benefits of hearing aids (+0.11), and costs of hearing aid
devices ($3,690). We assigned distributions to uncertain model parameters to conduct
probabilistic uncertainty analysis (PUA). We used value of information analysis to
estimate the expected value of perfect information (EVPI), and expected value of partial
perfect information (EVPPI), using a willingness-to-pay (WTP) of $100,000/quality-
adjusted life-year (QALY). EVPI and EVPPI estimate the upper bound of the dollar

value of a future research project. The intervention was screening schedules beginning at
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ages 45, 55, 65, and 75 years, and frequencies of every 1 or 5 years. The PUA
demonstrated high uncertainty around the optimal screening schedule. Yearly screening
beginning at age 55 was the optimal screening schedule in 38% of simulations, and other
schedules in 62%. The population EVP], or value of reducing all decision uncertainty,
was $8.2-12.6 billion varying with WTP and the EVPP], or value of reducing all
screening effectiveness uncertainty, was $2.6 billion. We conclude that there is large
uncertainty around the optimal adult hearing screening schedule and future research is

likely justified.
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1. Introduction

Hearing loss (HL) is a pressing global health challenge. The number of people
with disabling HL worldwide is expected to at least double by 2050, while rates of
treatment remain low."” Prevalence of hearing loss in the US reaches 29% by age 50, and
over 90% by age 80.* The continued impact of HL significantly affects patient and
caregiver quality of life and can present a barrier to human communication and
fulfillment. Furthermore, recent evidence points to an association between HL and
cognitive impairment.'® Treatment for HL exists, though the effectiveness and costs of
different hearing interventions may vary. Hearing aids, especially when initiated early
in the course of hearing loss, improve patient quality of life, potentially mitigate
cognitive decline, and are widely accepted as a worthwhile investment.®”12! Additional
components of hearing health care include re/habilitation with audiology and speech
pathology, as well as cochlear implantation for severe and profound hearing losses.
Detecting adults with hearing loss through screening programs has the potential to
increase patient awareness of hearing loss, improve uptake of effective treatment, and
lead to downstream and spillover health benefits.!122

Evidence from clinical trials around adult hearing screening has been limited by
shorter follow-up periods and non-generalizable study populations.?*> Additionally,
while hearing aid effectiveness on quality of life is established, the screening trials were

not powered to detect changes in quality of life outcomes.” Due to sparse evidence,
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conflicting guidelines exist around US hearing screening. While several Societies,
including the American Geriatrics Society, advise regular hearing screening, a 2020 US
Preventative Services Task Force evidence review concluded that they do not have
sufficient data to make an informed recommendation.!'? As current rates of HL
detection and linkage to effective treatment are woefully inadequate, with 80% of adults
with HL remaining without treatment, the burden of untreated HL in the US remains
unchecked.’

Policymakers and public health officials may be reticent to implement adult
hearing screening in the US due to an absence of high-quality evidence around their
expected long-term clinical and economic effects. A decision modeling analysis can
extend current evidence reviews and address major concerns by synthesizing evidence
across studies, projecting clinical outcomes over a longer time horizon, simulating a
more generalizable population, and characterizing uncertainty in results. Additionally,
value of information analysis can inform researchers and policymakers of the optimal
areas for further patient-centered research investments.

The overall objective of this dissertation is to provide a quantitative framework
and estimates to help policymakers identify effective and cost-effective adult hearing
screening strategies in the United States. The dissertation is organized into six chapters.
Chapter One is this introduction. Chapter Two is a systematic literature review and

critical appraisal of existing decision models of hearing loss, intended to inform the



development and innovation of a novel decision model. The findings and conclusions of
this systematic review indicated the need for a decision model of hearing loss across the
lifespan, and in particular in low- and middle-income settings. While the subsequent
Chapters of this Dissertation focus on model development, validation, and application
in the United States, I am leading efforts outside of the current work are extending and
validating decision modeling frameworks to low- and middle-income settings. Chapter
Three reports the development and validation of the Decision model of the Burden of
Hearing loss Across the Lifespan (DeciBHAL-US), a novel microsimulation model of
hearing loss prevention, natural history, diagnosis, and treatment. Chapter Four is the
first application of DeciBHAL-US to conduct a cost-effectiveness analysis of alternative
adult hearing screening schedules in the US. Chapter Five extends these modeling
efforts to conduct value of information analysis and inform future research
prioritization. Lastly, Chapter Six summarizes the policy implications of the dissertation
as a whole and outlines steps for future research. In sum, this body of work will promote
adult hearing screening as a public health strategy and identify opportunities for
decisionmakers to alleviate the immense global burden of hearing loss.

At the time of submission of this Dissertation, Chapters Two and Three were
published in eClinicalMedicine in 2021 and 2022, and I was the first author on both
publications. Chapter Four is under review, and I am the first author. Chapter Five is in

preparation for submission, and I am the first author on the resulting manuscript.



Throughout each of the Chapters, I collaborated with the Lancet Commission on
Hearing Loss, an international group of experts in hearing healthcare (Appendix A has a
full listing of the Commissioners). The Commissioners served as clinical and policy
experts reviewing my proposed decision model structure and identified published data
to parameterize the decision modeling framework. They additionally helped refine the
policy implications and recommendations of the resulting research. While the
Commission played a critical role in the critical review and dissemination of the work in
this Dissertation, I led and performed all aspects of the analysis, interpretation, and

writing in the following Chapters.



2. Evidence Gaps in Economic Analyses of Hearing
Healthcare: A Systematic Review

2.1 Introduction

Hearing loss is the fourth leading cause of years lived with disability worldwide,
affecting nearly one in five people.'® Severity of hearing loss can range from mildly
affecting communication to profoundly affecting all aspects of daily life.?#?
Furthermore, the estimated global yearly economic costs of unaddressed hearing loss for
the health sector alone exceed $100 billion.? Inclusion of lost productivity increases that
cost to $750-790 billion annually.> Appropriately, policymakers are focusing attention on
cost-effective interventions in hearing healthcare to reduce this burden of disease.'>'?

In 2019 a Lancet Commission was convened “to examine how to reduce the
global burden of hearing loss,” including investigating the economic efficiency of
alternative treatment and prevention opportunities in hearing healthcare.’? The
Commission identified cost-effectiveness analysis as one element that could guide
policymakers in the careful allocation of scarce resources to prevent and treat hearing
loss. Decision models have long informed cost-effectiveness analyses and have provided
significant insight in the field of hearing healthcare.?”?® However, a systematic
assessment of the decision modeling methodologies and qualities that inform these

analyses across hearing loss interventions has yet to be performed. Understanding the



state of current evidence, as well as the limitations therein, is important for the
development of decision models addressing hearing healthcare.

This systematic review seeks to: (1) investigate the methods and quality of
model-based cost-effectiveness analyses addressing hearing loss; (2) identify evidence

gaps; and (3) inform economic modeling for the Commission.

2.2 Methods

The methods for this systematic review followed the Preferred Reporting Items
for Systematic Review and Meta-Analyses (PRISMA) guidelines.?” To define the research
questions for this review, we collaborated with the Lancet Commission on Hearing
Loss.’? Our research questions were: 1) what are the methods and quality of published
model-based cost-effectiveness analyses that address hearing loss?, and 2) what are the
evidence gaps in these methods or qualities? This occurred in person in November 2019,
through a multi-national, multi-stakeholder meeting and subsequently in virtual
conferences for the full Commission or groups within it. After the initial creation of our
research question, our research objectives and preliminary results were presented to the
full Commission in July 2020 for discussion and refinement of the policy implications.
The Commissioners affiliate with over 14 distinct countries and include perspectives

from clinicians, health policy experts, health economists, epidemiologists, patients, and



others. Please see Appendix A for a complete listing of the Commissioners and their

affiliations. This study was not registered with PROSPERO.

2.2.1 Data Sources and Study Selection

We searched MEDLINE, EMBASE, Cochrane Library, and Global Index Medicus
for relevant literature. Search terms were related to hearing loss and cost-effectiveness,
and filtered to include full text articles (Appendix B). The searches were performed on
14 June 2020.

Prespecified inclusion criteria were 1) English-language, 2) original research cost-
effectiveness analyses that consider both outcomes and costs, 3) studies that assessed
hearing healthcare interventions (preventative, diagnostic, and therapeutic), and 4)
studies that included a decision model. We only considered model-based cost-
effectiveness analyses because a primary goal of this study is to inform future decision
model frameworks of hearing healthcare interventions. However, we did include cost-
effectiveness analyses based on clinical trials that utilized a decision model to project the
cost-effectiveness of their intervention. We excluded conference abstracts and other
types of cost analyses. Please see Appendix C for a population, intervention,
comparison, outcome, time, and study design (PICOTS) table of the inclusion criteria.
Before initiation of our search, we determined that we would review the bibliography of

included systematic reviews and meta-analyses identified by the search strategy for



relevant articles not included in the search strategy to incorporate into our screening
process.

Articles were screened independently for inclusion at the abstract and full text
level by two reviewers (EDB, MMD). Exclusion criteria at the abstract level were articles
unrelated to hearing loss or articles that were not cost-effectiveness analyses. Exclusion
criteria at the full text level comprised of those at the abstract level as well as articles that
did not use a decision model. All inclusion/exclusion conflicts were resolved by
discussion between the original reviewers or by discussion with a third investigator
(EDB, MMD, OO, GDS). Every effort was made to obtain full text versions of articles not
available through Duke University Library. However, there was one citation for which
we were unable to access a full text version and thus that article was excluded from

further analyses.

2.2.2 Data and Extraction

Data were abstracted from articles included at the full text level. All abstractions
were vetted by a second investigator (EDB, MMD), with disagreements settled by a third
investigator (EDB, MMD, OO, GDS). We used the Consolidated Health Economic
Evaluation Reporting Standards (CHEERS), a checklist detailing essential components of
a health economic evaluation, and simulation modeling best-practice frameworks to

guide our data abstraction.®*3! We abstracted data related to analysis setting and



population, interventions simulated, model type, clinical input parameters, and main
cost-effectiveness findings that were included the Abstract (Appendix D). Decision
model types abstracted included decision tree diagrams, Markov models (that include a
time component to the analysis), and other model types (e.g., diagram, probabilistic, or
net-cost). The risk of bias within the modeling studies was determined using
components from the CHEERS checklist. Specific components of the checklist which
corresponded to potential risk of biased included statement of perspective of analysis,
model validation, methods of characterizing of uncertainty, funding source, and
disclosure of potential conflicts. After the initial data abstraction, we collected additional
data points for studies examining the three interventions most common across all
included studies and reported each study separately. We reported acoustic (i.e.,
traditional) hearing aids and bone-conduction devices in the same table because of their
comparison to cochlear implantation and similar data abstraction structure. Studies
exploring all other interventions are reported in aggregate and without additional data

collection.

2.2.3 Quality Assessment

One investigator read each identified paper and abstracted quality indicators
(EDB, MMD). A second investigator then independently read the included paper and

noted any disagreements (EDB, MMD). Disagreements not resolved by consensus were



settled by a third investigator’s review (EDB, MMD, OO, GDS). We used a previously
developed quality measure that examined 16 components of the decision model and
cost-effectiveness analysis and yielded a score from 0 to 100, with 100 representing a full
quality score.?>3 The components assessed for quality were related to transparency of
modeling and data abstraction methods, clarity and appropriateness of mode structure
and input data, and correct comparison of assessed interventions (see Appendix E for a
complete description of the quality measure). This measure was selected because it was
developed specifically for quality ratings of decision models and incorporated
differential weighting (one point to eight points) for each aspect of quality.**?? This
measure does not assign qualitative indicators to numerical scores, so we report
individual article quality scores. Major methodologic or reporting deficits were defined
as those components receiving a weight of six or more points on the quality rating

measure (see Appendix E).

2.2.4 Presentation of Cost Parameters

All abstracted cost parameters were converted to 2019 USD. Cost parameters
were first adjusted to 2019 local currency units using local consumer price indices, then
converted to USD using the World Bank currency conversion rates.* When articles did
not list the currency source year (n=22), we assigned the year of publication for the

adjustments.
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Table 1: Batched citations of references in the systematic review.

Batch Citations
Number

1 28,35-150

2 28,35-129

3 66,130-150

4 28,36-39,42,46,49-51,56,58,61-67,70,71,73,74,76,77,79,81,84,85,87,88,92-96,101-
103,107,110,111,114,117,118,122,124,128,132,133,136,139-142,144,146-150

5 35,45,47,55,57,59,68,75,78,82,83,89-91,98,100,104,105,108,109,112,113,115,116,119-121,123,125,126,129,130

6 40,41,43,44,48,52-54,60,69,72,80,86,97,99,106,127,131,134,135,137,138,143,145

7 37,42,49,51,56,58,63,64,66,73,74,76,79,81,83,90,91,94,101,102,107,111,113,117,118,121,122,134-138,141,148,149

8 28,36,38,41,44-46,48,52-55,57,60,77,82,93,96-100,104,105,110,112,123,127,133,139,142,144,146,150

9 35,36,38,45-47,53,54,57,59,65,69,71,75,78,80,82,87-89,96,98,100,120,129,135,137,150

10 40,43,50,61,62,67,70,85,86,92,95,108,114-116,124,131,132,140,143,145,147

1 1 39,42,65,68,71,72,84,87,88,102,103,106,109,110,119-122,125,126,128-130,133-135,142,144,146

12 28,40-42,44,48,49,55-58,61,63-66,68-70,72,73,77,79,81,86-89,92,94,97,99-112,114,115,117-120,122-
128,131,133,136,137,139-142,144-149

13 35-39,43,45-47,50-53,59,60,62,67,69,74-76,78,80,82-85,90,91,93,95,96,100,116,120,121,130,132,138,140,143

14 36,38,39,41,44-48,50,52-55,57,60,63,67-70,80,81,85,86,89,92,93,95-101,103-105,107,109,111-115,119-123,126,128-
132,137-139,143,148

1 5 28,35,37,40,42,43,46,49,51,52,56,58,59,61,62,64,66,70,75,77-79,84,92,94,95,106,110,114-116,127,133-138,140-142,144-
147,150

16 37,42,49,56,63,64,66,74,76,79,81,94,101,102,107,111,117,118,122,136,138,141,148,149

17 51,58,64,73,134,135,137

18 83,90,91,113,121,134,135,137

19 37,49,63,66,76,79,107,118,136,138,141,148,149

20 49,66,76,79,118,136,141,149

21 58,73,134,135

22 42,49,56,63,64,66,74,76,79,81,94,102,107,111,117,118,122,148

23 49,56,58,63,64,81,102,107,111,113,117,118,137,148

24 28,36,38,41,44-46,48,52-55,57,60,77,82,93,96-100,104,105,110,112,123,127,133,139,142,144,146,150

25 57,60,77,82,93,96-100

26 28,52-55,104,105,110,112,123,127,144,146

27 36,38,41,139,142

28 44-46,48

29 28,36,41,44-46,48,52-55,57,60,77,82,93,96-100,104,105,110,112,123,127,133,139,142,144,146,150

30 45,52,55,60,82,93,98,100

3 1 36,38,96,100

32 110,133,142,144,146

33 38.,45,46,53,54,57,82,98,139,150

34 36,45,60,93,98

35 28,38,45,46,48,52,53,55,57,60,82,93,96,98-100,104,105,110,112,133,139,142,146

36 35,36,38,45,46,54,57,59,65,71,75,78,82,87-89,96,98,100,120,129,135,137,150

37 47,53,69,80,89
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2.3 Results

2.3.1 Summary of Included Studies

Our search yielded 1,437 unique articles, of which 117 unique studies with
decision models (Table 1, Batch 1) and 17 systematic reviews!'>>1% met the inclusion
criteria (Figure 1). Model-based studies were predominately set in high-income
countries (n=96, 82%; Table 1, Batch 2; Table 2), with fewer studies in low- and middle-
income countries (LMIC; n=22, 19%; Table 1, Batch 3). One study was set in both a high-
and low- and middle-income setting.® Sixty-one studies evaluated hearing loss
strategies exclusively in pediatric populations (<18 years, 52%; Table 1 Batch 4), 32 in
adults (27%; Table 1, Batch 5), and 24 in both (21%; Table 1, Batch 6). The interventions
assessed included hearing screening (n=35, 30%; Table 1 Batch 7), cochlear implantation
(n=34, 29%; Table 1, Batch 8), hearing aid use (n=28, 24%; Table 1, Batch 9), vaccination
(n=22, 19%; Table 1, Batch 10), and other aspects of hearing healthcare (n=29, 25%; Table
1, Batch 11); some studies included more than one intervention (see Appendix F for a
diagram of comparisons made among included studies). The most common decision
model types were tree diagrams (n=72, 62%; Table 1, Batch 12) and Markov models
(n=41, 35%; Table 1, Batch 13). In studies published since 2010, decision trees remained
the most commonly used decision model (58%) and the proportion of Markov models

used increased slightly to 42%. Sixty-one studies (52%; Table 1, Batch 14) were
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conducted from a healthcare payer perspective and 46 (39%; Table 1, Batch 15) from a

societal or modified societal perspective (inclusive of costs and benefits relevant to
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Table 2: Characteristics of included studies in the systematic review.

Characteristic Number of Studies (n=117 in all)*
Setting
Africa 6 (5%)
Asia 18 (15%)
Australia and New Zealand 10 (9%)
Europe 47 (40%)
North America 35 (30%)
South America 2 (2%)
Population
Pediatric only, <18 years 61 (52%)
Adult only, >18 years 32 (27%)
Mixed 24 (21%)
Hearing loss intervention assessed
Hearing screening 35 (30%)
Cochlear implantation 34 (29%)
Hearing aid use 28 (24%)
Vaccination 22 (19%)
Other 29 (25%)
Decision model type
Tree diagram 72 (62%)
Markov state transition 41 (35%)
Other 8 (7%)
Perspective
Healthcare payer 61 (52%)
Societal and modified societal 46 (39%)

*Not all categories sum to 117 (or 100%) as some studies may be represented more than

once.
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1,865 citations
identified by
literature search

»| 479 duplicate articles

excluded

51 citations identified

A 4

1,437 unique citations
identified

by manual searching

A 4

345 passed abstract
screening

\ 4

1,092 abstracts excluded:
Not related to hearing loss: 237
Not a cost-effectiveness analysis: 855

\4

211 articles excluded:
Not related to hearing loss: 8
Not a cost-effectiveness analysis: 148
Not a decision model: 55

A 4

117 CEAs with
decision models
passed full-text
screening and were
abstracted

v

17 systematic reviews
identified and cross-
referenced

Figure 1: PRISMA literature flow diagram for the systematic review
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society in general, such as productivity benefits or family and caregiver effects). Main
cost-effectiveness findings from each included study are reported in Appendix G and a

summary of funding sources for included studies are in Appendix H.

2.3.2 Studies Evaluating Screening

Thirty-five of the selected studies examined hearing screening strategies, with 24
studies considering neonatal screening (Table 1, Batch 16), seven studies considering
child screening (Table 1, Batch 17), and eight studies considering adult hearing screening
(Table 1 Batch 18). The most commonly evaluated screening strategy in newborn studies
was universal newborn screening (n=13; Table 1, Batch 19), followed by targeted or risk-
based newborn screening (n=8; Table 1, Batch 20). School screening was evaluated in
four of the seven child screening analyses (Table 1, Batch 21). The eight studies that
included adult screening analyses varied in the age at first screen, the frequency of
screening, and the screening test modality. Eighteen of the 24 cost-effectiveness analyses
of neonatal hearing screening (Table 1, Batch 22), one child screening analysis,* and two
adult screening analyses!*!?! projected a main clinical outcome other than quality-
adjusted life-years (QALYSs) or disability-adjusted life-years (DALYs), often choosing an
intermediate outcome such as number of cases identified. Forty percent of included
screening studies across the lifespan evaluated across a time horizon of less than 10

years (Table 1, Batch 23).
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2.3.3 Studies Evaluating Cochlear Implantation

Thirty-four identified analyses considered cochlear implantation (CI) as a
comparator intervention (Table 1, Batch 24). Locations of analyses included 10 in Europe
(Table 1, Batch 25); thirteen in North America (Table 1, Batch 26); five in Asia (Table 1,
Batch 27); four in Australia or New Zealand (Table 1, Batch 28); one in South America;'>
and one in Africa.'® The most commonly studied interventions were unilateral and
bilateral CI (33 studies, 97%; Table 1, Batch 29), with eight studies directly comparing
unilateral vs. bilateral CI (Table 1, Batch 30). Other interventions included bimodal
hearing technology (CI+HA; four studies; Table 1, Batch 31), deaf education (five studies;
Table 1, Batch 32), and hearing aids (HA) (ten studies; Table 1, Batch 33). Simultaneous
Cl implantation was compared to sequential CI implantation in five studies (Table 1,
Batch 34). Abstracted economic parameters included one-time CI device and procedure
costs (including costs of surgery/anesthesia, and initial audiology programming of
device) as well as recurring costs for CI processor updates. CI device and procedure
costs ranged from $11,560-63,970, differing by setting and analysis. Seventy-one percent
of studies (n=24) included CI processor update costs, and these costs were aggregated

and assessed either yearly or once per lifetime (Table 1, Batch 35).

2.3.4 Studies Evaluating Hearing Aids

Twenty-eight studies conducted cost-effectiveness analyses that included

hearing aids as an intervention. Acoustic (i.e., traditional) hearing aids were included in
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24 studies (Table 1; Batch 36), while five studies evaluated bone conduction devices
(Table 1, Batch 37). Hearing aids were most commonly evaluated in comparison to
cochlear implantation (n=9; Table 1, Batch 38). Eight studies compared hearing aid
provision to no intervention, assessing the cost-effectiveness of acoustic hearing aids
themselves (Table 1, Batch 39). Costs for non-implantable hearing aid device and fitting
ranged from $40-7,130, again varying by setting (LMIC vs. high-income country) and
analysis. Sixteen of the 28 studies (57%) included recurring costs for hearing aid
batteries, device replacement, device repairs, or combinations of these costs (Table 1,

Batch 40).

2.3.5 Health Outcome Measures

Quality-adjusted life-years were the most commonly reported health outcome
measure from included decision models, with 62% of studies reporting the main health
outcome in QALYs (Table 1, Batch 41). Twelve percent of studies reported DALYs (Table
1, Batch 42), 5% reported life-years (Table 1, Batch 43), and 24% reported other outcome
measures (Table 1, Batch 44). Utility values incorporated into economic analyses varied
widely in terms of the impact of hearing loss on patient quality of life and the impact of
hearing loss treatment on quality of life. Of the 86 studies that reported QALY or
DALYSs, 24 derived their own utility values to calculate these health outcomes (Table 1,

Batch 45).
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2.3.6 Indirect Economic Costs

Untreated hearing loss has significant effects on labor force participation and
educational attainment, and economic analyses may take such costs into account.!*
Forty-one studies (35%) incorporated indirect economic effects into the economic
analysis (Table 1, Batch 46). Effects of hearing loss on employment and productivity
were considered in 21% of studies (n=24; Table 1, Batch 47), education costs in 20%
(n=23; Table 1, Batch 48), caregiver or family effects in 11% (n=13; Table 1, Batch 49), and

transportation costs in 9% (n=11; Table 1, Batch 50).

2.3.7 Quality of Included Studies

Median quality rating of all included studies was 92, IQR [72-100], and the mean
was 83, standard deviation (S5D)=20. When only studies published since 2010 were
included, the median quality score increased slightly to 94, IQR [79-100] and the mean
increased to 87, SD=17. When only studies published since 2000 were included, the
median quality score was 94, IQR [79-100], and the mean was 86, SD=18. The most
frequent reasons we applied quality deductions were failure to assess interventions
incrementally (i.e., failing to compare each studied intervention’s costs and benefits to
the next most effective intervention after eliminating dominated options. Interventions
are considered dominated if they are more costly but less effective than an alternative

(strong dominance), or when a combination of two interventions is better than a third

20



intervention (weak or extended dominance); n=29, 25%; Table 1, Batch 51), absence of
statement of perspective of analysis (i.e., healthcare payer perspective, societal
perspective, etc.; n=25, 21%; Table 1, Batch 52), absence of explicit consideration of biases
(n=33, 28%; Table 1, Batch 53), and lack of model structure transparency and justification
(n=34, 29%; Table 1 Batch 54) (Figures 2 and 3). Forty-nine studies (42%) had two or
more major methodologic or reporting deficits (Table 1, Batch 55). Please see Appendix I

for a breakdown of quality scores in each intervention category.

2.3.8 Modeling Methods

Almost all of the identified decision models used sensitivity analysis to
characterize uncertainty in their model-based results (n=109, 93%; Table 1, Batch 56). The
methods used included one-way deterministic (n=97, 83%; Table 1; Batch 57), multi-way
deterministic (n=31, 26%; Table 1, Batch 58), and probabilistic sensitivity analysis (n=49,
42%; Table 1, Batch 59). The proportion of studies that included probabilistic sensitivity
analyses increased to 58% when only studies published since 2010 were analyzed. We
found that 15% of analyses (n=17) explicitly reported validation exercises in their
methods or results sections (Table 1; Batch 60). 3:383941,47,50,51,58,64,71,73,74,79,84,108,117,134
36,38,39,41,47,50,51,58,64,71,73,74,79,84,108,117,134 36,38,39,41,47,50,51,56,64,71,73,74,79,84,108, 117,134 Seyen studies reported face
validity (Table 1, Batch 61), seven reported external (or “predictive”) validation exercises

(Table 1, Batch 62), and three reported internal validation exercises (Table 1, Batch 63).
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The proportion of studies that reported any validation efforts did not change when only

studies published since 2010 were evaluated.
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2.4 Discussion

This systematic review identified a large body of literature that explores the
economic efficiency of interventions in hearing healthcare. The most frequently
examined interventions were related to prevention of hearing loss from infectious
causes, i.e., vaccination studies; detection of hearing loss through screening strategies;
and treatment of hearing loss, including cochlear implantation and hearing aid
provision. These interventions were most frequently examined in high-income settings.!

The median quality score of included studies was high and we found that more
recent studies had slightly higher quality than earlier studies. However, almost half of
all included studies had two or more major methodologic or reporting deficits. Some
studies did not compare alternative interventions incrementally, rather compared
multiple interventions to a set best practice or current standard of care. While this
approach might be helpful for policymakers in some circumstances, a formal cost-
effectiveness analysis should compare all studied intervention alternatives incrementally
to identify the intervention that maximizes expected benefit for its cost. Incremental
comparison is recommended by cost-effectiveness guidelines and failing to compare
incrementally can affect the validity of cost-effectiveness conclusions and subsequent
policy recommendations.!*! Sensitivity analysis is a crucial component of decision
analysis and almost all included studies incorporated sensitivity analysis of some form,

with a higher proportion of studies published after 2010 including probabilistic
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sensitivity analysis. That said, model validation exercises were not reported in over 80%
of studies, and this proportion did differ between more recently published studies and
earlier studies. Including validation exercises in model-based analyses follows modeling
best-practice guidelines and can increase the transparency and applicability of the
results. 31151

The data synthesis and analysis in the systematic review reveal several evidence
gaps. First, despite over 80% of the global burden of hearing loss lying in LMIC, the vast
majority of the included studies (82%) were conducted in a high-income setting. This is
of particular importance as health policy decisions in LMIC are increasingly made based
on prioritization approaches such as health technology assessments that include cost-
effectiveness analyses. Additionally, the lack of studies in LMIC reveals that
disproportionately lower efforts and resources are being invested to identify solutions to
the hearing healthcare problems in regions of the world where the burden of hearing
loss is highest. The reason for this dearth of evidence in LMIC may be due to relatively
sparse setting-specific clinical or economic data or to workforce shortages of hearing
health professionals.! Future decision analyses that seek to alleviate the global burden of
hearing loss should evaluate hearing interventions in LMIC. Decision scientists may
partner with local hearing health researchers and clinicians to collect data to inform
model developments and the parameters selected for the models. Indeed, decision

models are particularly useful in settings where data are sparse or highly variable.
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Nearly all decision models included in this review evaluated a single
intervention or a set of interventions aimed at a single etiology of hearing loss. Out of all
included studies, we identified two studies performed by the same lead author that
directly compared the cost-effectiveness of interventions targeting hearing loss
prevention and treatment from multiple etiologies and across the lifespan.!*1% These
studies considered child and adult screening strategies, antibiotic administration for
meningitis-associated hearing loss, and antibiotics or aural toilet for chronic otitis media.
When considering optimal resource allocation in conditions of scarcity, policymakers
and finance ministers will benefit from analyses and models that compare interventions
targeting hearing loss across etiologies and the lifespan. Future research should explore
how a decision model that considers numerous etiologies of hearing loss from beginning
to end of life might provide such information.

Health economic analyses traditionally report clinical outcomes in terms of
QALYs or DALYs to allow for comparison of value across multiple conditions. The
majority of decision models we identified did report health outcomes in QALYSs or
DALYs; however, there was no uniform source for utility values used to calculate
QALYs and DALYs. Over one quarter of studies reporting QALYs or DALYs used their
own methods to determine utility values of decision model health states. This variability
highlights the high degree of uncertainty around this model input, and the lack of a

definitive source for parameterizing model-based utility values. While utility values
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should be specific to the population under study, common approaches to incorporating
utility values of hearing health states in decision models may provide consistency and
comparability between studies. Future research might explore the creation of
appropriate and well-developed utility values of hearing loss — that also bear the
appropriate study populations in mind - to inform decision models and reduce this
model input uncertainty.

We also identified an evidence gap in inclusion of the indirect economic effects of
hearing loss. Around one third of included studies incorporated indirect economic
effects into their cost-effectiveness analysis as recommended by the Second Panel on
Cost-Effectiveness in Health and Medicine.’>! Exclusion of the effects of hearing loss on
economic productivity, education, and social support may underestimate the true
economic burden of hearing loss and the potential for amelioration of the burden.
Emerging evidence that associates hearing loss with cognitive decline and other medical
comorbidities may further increase the indirect economic effects associated with hearing
loss, such as caregiver and family burden.”” There is a need for high-quality estimates
of the impact of hearing loss on indirect economic outcomes that can be incorporated
into decision modeling analyses.

Lastly, we found that many economic analyses of newborn hearing screening
forecast clinical and economic outcomes over an abbreviated time horizon and included

intermediate clinical outcomes such as hearing loss cases identified. While we did not
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deduct quality scores for shorter time horizons in screening analyses, we recognize that
time horizons less than ten years may not fully incorporate important downstream
clinical or economic outcomes that affect the cost-effectiveness of the intervention.

The evidence gaps uncovered by this review suggest several specific
recommendations for future decision model development and cost-effectiveness
analysis in hearing healthcare. Future decision models should assess hearing healthcare
interventions across the lifespan and might synthesize high-quality model structures
identified by this review. Analysts should also ensure that models are able to assess
hearing healthcare interventions that are relevant for LMIC to address the large burden
of unaddressed hearing loss in those settings. Finally, model-based analyses should
follow modeling best practice guidelines, incorporating validation exercises and
comparing interventions incrementally, and predict comparable clinical and economic
outcomes (i.e., currency/QALY) over a time horizon that can capture important
downstream effects.

Our results may have clinical and policy implications that are of immediate
importance to international stakeholders in hearing healthcare. To our knowledge, this
is the first systematic review that includes model-based cost-effectiveness analyses
across all interventions in hearing healthcare. The comprehensive compilation and
quality evaluation of cost-effectiveness analyses presented herein can help decision

makers identify the most relevant and highest-quality analyses to guide their decision
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making on hearing healthcare provision. With the current evidence, decision makers
might compare the published cost-effectiveness ratios from high quality studies with
thresholds to identify setting-specific hearing healthcare interventions that are a
worthwhile investment. Additionally, the identified evidence gaps can inform data
collection and research priorities in hearing health.

This systematic review has several limitations. First, we did not extract cost-
effectiveness results from identified studies, as the goals of this review were to examine
the methods used and the implications for future modeling efforts in hearing healthcare.
Future studies might consider reviewing and synthesizing the cost-effectiveness of
specific interventions in hearing healthcare. Second, we only included model-based cost-
effectiveness analyses to inform future decision model framework development. Cost-
effectiveness analyses based on randomized controlled trials that did not use a decision
modeling framework, for example, may be synthesized in future research. Third, the
quality measure we used depended on author reporting of specific study characteristics
and, as such, our measures of quality should be interpreted as both methodologic and
author reporting quality. Fourth, we required publications to be in English, which might
have reduced the number of studies from non-English speaking countries. Lastly, we
did not perform a detailed analysis of all included studies (for example, vaccination

studies), but rather on the three most commonly assessed interventions. All references
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were included in reported summary measures, however, and the identified evidence
gaps based on aggregate measures can be considered for all studies.

In conclusion, model-based cost-effectiveness analyses have been performed
widely in hearing healthcare, and many are of high quality. By addressing the evidence
gaps uncovered by this review, such as including LMIC study settings, future decision
models will better guide clinicians, advocacy groups, and policymakers toward optimal

interventions to alleviate the large global burden of hearing loss.
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3. Development and Validation of DeciBHAL-US: A Novel
Microsimulation Model of Hearing Loss Across the
Lifespan in the United States

3.1 Introduction

One in three US adults over the age of 60 have hearing loss, and the prevalence
of hearing loss climbs to over 90% by age 80.* Hearing loss has a significant impact on
quality of life, learning and early development, and emerging evidence suggests hearing
loss may negatively impact general and cognitive health.?#?>171172 Furthermore, persons
with hearing loss have higher medical costs compared to those without hearing loss and
the annual direct medical costs of hearing loss in the US range from $3.3-12.8B, varying
with age and method of estimation.!®17317* Lost economic productivity due to hearing
loss may cost up to $194B per annum.!®® Effective treatments for hearing loss exist, yet
recent estimates suggest many are severely underutilized.'” As innovations in hearing
healthcare service delivery and technology are developed, frameworks to understand
their potential clinical and economic impacts are increasingly important.

Cost-effectiveness analysis in hearing healthcare can guide policymakers
towards optimal resource allocation and diverse stakeholders have called for research
into the cost-effective provision of hearing healthcare in the US and abroad.!76177
Decision modeling is a quantitative method that underlies many cost-effectiveness

analyses and allows for evidence synthesis to simulate alternative policy or treatment
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interventions over a long time horizon.!”® However, almost all currently available
decision models do not consider prevention, diagnosis, and treatment of hearing loss
across the lifespan, which limits the generalizability and applicability of their results to
policymakers and hearing healthcare providers.””” A decision model that allows for
consideration of numerous different interventions across ages and etiologies of hearing
loss would provide better information on optimal implementation of hearing healthcare
interventions.

Our objective was to develop and validate a decision analytic model of hearing
loss natural history, prevention, diagnosis, and treatment in the US across the lifespan to
inform policymakers and providers on the expected clinical and economic outcomes of
alternative hearing healthcare strategies. This work was conducted as a part of an
ongoing Lancet Commission on Hearing Loss, and contributes a US-specific component
to the broader Commission goal of generating a decision model of hearing loss across
the lifespan that can be populated with setting-specific data and applied in various

international settings.!

3.2 Methods

3.2.1 Analytic Overview

This study was motivated by stakeholder engagement through the Lancet
Commission on Hearing Loss and a recent systematic review, both revealing a gap in the
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current hearing healthcare decision modeling literature.'” To address this gap, we set
out to develop and validate DeciBHAL-US (Decision model of the Burden of Hearing
loss Across the Lifespan) as a policy simulation model. We first consulted with hearing
loss clinicians, public health, and policy experts to define the health states of the model.
We then populated the model with literature-based estimates of the incidence and
prevalence of sensorineural hearing loss (SNHL) and conductive hearing loss (CHL),
natural histories of SNHL and CHL, and treatment probabilities. We then performed
validation exercises, specifically in three key areas: 1) natural history of SNHL, 2) natural
history of CHL, and 3) the hearing loss cascade of care. Wherever possible, we followed
the Assessment of the Validation Status of Health-Economic decision models (AdViSHE)

framework to guide our validation efforts (Appendix J).1%

3.2.2 Model Overview and Hearing Loss Health States

DeciBHAL-US is an individual-level microsimulation model implemented in
TreeAge software (Williamstown, MA). Model health states are based on: 1) presence of
hearing loss, 2) hearing loss type (SNHL, CHL, chronic suppurative otitis media
(CSOM)-associated CHL), and 3) treatment modality if applicable. Figure 4 shows a
schematic for the SNHL health states for post-lingual hearing loss (e.g., hearing loss after

the time of language acquisition). Hearing loss severity is categorized based on better
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ear pure tone average (PTA) thresholds at 500, 1,000, 2,000, and 4,000 hertz: 26-40 decibel

(dB) is mild, 41-60 dB is moderate, 61-80 dB is severe, and 81+ dB is profound hearing
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loss.* Simulated persons are assigned set characteristics and experience yearly
probabilities of acquiring hearing loss, progression or cure of their hearing loss, and
receiving or leaving treatment. Traditionally, hearing loss is classified as 1) SNHL, due
to damage or degeneration of the inner ear or neural structures proximal to the inner
ear, 2) conductive hearing loss (CHL), due to pathology involving the outer or middle
ear, and 3) mixed SNHL and CHL. DeciBHAL assumes independence between SNHL
and CHL and simulated persons may acquire SNHL, CHL, or both at each yearly time
step. To clearly delineate the etiologies that contribute to SNHL and CHL across the
lifespan, we collaborated with hearing health experts to create an etiology framework of
hearing loss (Appendix K). Age- and sex-specific mortality rates from 2017 US lifetables
were incorporated into the model.’®* SNHL and CHL are tracked for each simulated
person in PTA thresholds and utility is dependent on the more severe of the two. Each
year of the model, a cohort of newly born persons can enter the simulation. The model

runs for 100 cycles (years) or until all simulated persons are in the death state.

3.2.3 Natural History of SNHL

We derived age- and sex-specific incidences of bilateral SNHL from recent
prevalence estimates from the National Health and Nutrition Examination Survey
(NHANES) and US lifetables, assuming a lifetime duration after acquisition of SNHL
(Appendix L).#181-18 We only simulate bilateral SNHL to remain consistent with input
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data definitions of hearing loss based on better-ear PTA and other economic analyses of
hearing healthcare. Upon acquiring SNHL, the age-specific etiology is divided
proportionally between ototoxic (e.g., after cisplatin or aminoglycoside use), meningitis,
and age-related and other causes. We assumed simulated persons can only experience
one cause of SNHL in their lifetime. After acquiring SNHL of any cause, simulated
persons receive a SNHL PTA severity in dB; assumed to be >=25 dB hearing loss (HL) for
age-related hearing loss and, for the other etiologies, based on the average hearing loss
PTA for each etiology (Table 3).18>1%¢ Age-specific decline in hearing loss is incorporated
as a yearly PTA increase in dB (mean=1.05dB/year; SD=0.4) for persons ages 35+ years
and is based on longitudinal studies.’®” This PTA determines hearing loss severity,
which subsequently affects other model parameters as described, such as hearing aid

(HA) uptake and health state utilities.

3.2.4 Natural History of Otitis Media-Related and Other CHL

DeciBHAL incorporates acute otitis media (AOM), persistent otitis media with
effusion (OME), and chronic suppurative otitis media (CSOM) as explicit etiologic
contributors to CHL, and simulates all other causes of CHL in aggregate (Figure 5). All
persons in the model, except those with active CSOM, experience age- and region-
specific yearly probabilities of at least 1 episode of AOM.!® We assumed simulated

persons that have at least 1 episode of AOM during ages 0-12 years experience an
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hearing aid; HL: hearing loss; OME: otitis media with effusion; PTA: pure tone average;

SD: standard deviation; SNHL: sensorineural hearing loss; y: year.
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average of 2.8 episodes per year, and those older than age 12 experience 1 episode per
year.'® The model stratifies two risk groups of persons based on AOM history during
the first 2 years of life: persons experiencing 2 or more episodes of AOM receive double
the risk of subsequent AOM and OME throughout their lifetime.20?! In the absence of
adult-specific data, we assume that 17% of all simulated patients who have at least 1
episode of AOM in a year develop recurrent AOM (defined as >3 episodes in 1 year) and
transition to the recurrent AOM/persistent OME health state the subsequent year
(described below).1®

In the model, persistent OME may occur after an episode of AOM or
spontaneously. Based on a meta-analysis of placebo controlled AOM trials, 26% of
simulated patients experience OME of >3 months after an episode of AOM.'® Of OME
episodes that persist for >3 months, 71% of episodes resolve before 1 year.!* OME
episodes that persist for at least one year are assumed to have a mean duration of 21
months, with 75% of patients experiencing spontaneous resolution after 2 years, and
25% after 3 years.?? Spontaneous rates of OME were calibrated to attain estimates of
persistent OME prevalence. In the absence of US-specific data on OME prevalence
lasting >3 months, by age group, we calibrated to Dutch data and assumed similar
demographic characteristics to the US.12% As outlined by US treatment guidelines,
OME persisting for 23 months of known duration is considered for surgical

management.'® We assumed 26% of patients with OME >3 months receive treatment
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with tympanostomy tubes within 1 year, and treatment reduces the proportion with
effusion at 1 year by 53%.2042> The remainder have persistence of their OME for >1 year
despite treatment, or spontaneous resolution or persistence without treatment (See
Appendix M for the decision nodes of OME, including surgical treatment).20?

Simulated patients with recurrent AOM (defined as >3 episodes in the previous
12 months) or OME that persists 21 year enter a distinct health state (recurrent AOM and
persistent OME). We simulated these conditions as a single health state due to clinical
expert opinion positing the state as a continuum rather than two distinct entities.
Patients in this state experience yearly probabilities of acquiring CSOM, based on CSOM
incidence data from the US and Canada.!s® The average duration of CSOM (including
the US mix of treated and untreated CSOM), 3 years, was calibrated to attain estimates
of the US CSOM prevalence (<1%).2% Probabilities for surgical intervention (including
tympanoplasty and mastoidectomy) for CSOM are not explicitly incorporated, rather are
included in the average duration of CSOM, and costs for baseline rates of surgical
intervention will be estimated as the average yearly costs of patients with CSOM. CSOM
results in a PTA of 34 dB hearing level CHL during active disease, and after resolution a
proportion has a residual CHL (Mean=17 dB air conduction threshold, SD=18.6 dB).1921%
The probability of residual CHL after CSOM was calibrated to attain literature-based

estimates.'®® Permanent CHL not due to CSOM is simulated in aggregate and incidences
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are derived to attain adjusted NHANES estimates of US CHL-prevalence, with average

PTA assumed to be 40 dB hearing level (Table 3).2”

3.2.5 Mixed Hearing Loss

We recognize that some etiologies that cause CHL can also subsequently cause
SNHL, however due to an absence of data on the temporal relationship and quantified
audiometric effects of this relationship, we assumed independence between etiologic
contributors to SNHL and CHL. As such, all patients in the model may acquire both
SNHL and CHL through similar age- and sex-specific incidences. DeciBHAL tracks
SNHL in dB hearing level and CHL in dB hearing level independently, and severity-

dependent parameters are based off the more severe PTA.

3.2.6 Pre-lingual Hearing Loss

For persons with pre-lingual hearing loss, intervention before the time of
language acquisition has different downstream outcomes than interventions for persons
losing their hearing after language acquisition. In the model, simulated children with
bilateral, profound hearing loss with an onset before age 2 years who do not receive a
cochlear implant, enter a separate health state with a pathway of sign language
education, and remain for their lifetime (not shown). In the context of pre-lingual severe

and profound hearing loss, DeciBHAL primarily addresses the impact of early diagnosis
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and intervention on efforts to improve access to spoken language and the acquisition of
verbal communication. The costs and utilities in these health states will be informed by
the published literature detailing the benefit of early intervention for severe and

profound hearing loss.!7%208

3.2.7 Hearing Loss Cascade of Care

In conjunction with expert stakeholders on the Lancet Commission on Hearing
Loss, we mapped a conceptual framework for the hearing loss cascade of care
(Appendix N). Simulated persons with hearing loss experience yearly probabilities of
going on or off treatment derived from the literature. While there are multiple complex
factors influencing treatment access and uptake, transition probabilities in DeciBHAL
are based on the final step — treatment uptake or not. Specific intermediary points in the
treatment uptake cascade might be incorporated within the treatment uptake probability
as needed in future analyses. We considered hearing aids, and re/habilitation (for
example, including early speech and language development for children, aural
rehabilitation), as treatment for all causes of hearing loss. We included cochlear
implantation (i.e., the device and the surgery) for patients with severe and profound
SNHL. For patients with CHL, we included non-implantable and implantable bone
conduction devices as a proportion of the amplification therapy. The age- and hearing
loss severity-specific yearly probabilities of all adult hearing aid acquisition were based
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on estimates of the average time to uptake of hearing aids after hearing loss onset
(mean=8.9 years).>® Hearing aid discontinuation rates were derived from an National
Institute on Deafness and Other Communication Disorders/Veteran’s Affairs
longitudinal study and adjusted to account for a high rate of hearing aid discontinuation
in the first year after acquisition, and declining rates thereafter (13-4%/year).”1% We
incorporated a delay to diagnosis factor, calibrated to achieve NHANES prevalence
estimates of adult hearing aid use. We calibrated the yearly probability of cochlear
implantation for persons with severe to profound hearing loss to achieve yearly
estimates of cochlear implantation in US children and adults (n=18,000).* We
incorporated a 1% annual probability of cochlear implant discontinuation in adults, and
0.2-1.8% per year in children depending on age at implantation.2%21°

For pediatric hearing aid use, we incorporated time to uptake data to inform
yearly probabilities of acquiring hearing aids (age 1 year: mean=15.8 months, SD=16.8
months; ages 2-5 years: 31.68 months, SD=18.32 months).1**!> We assumed a linear
decline in hearing aid acquisition from age 5 years to adulthood. Combined with a
discontinuation rate of 3%/year, we projected the yearly proportion of children with
aidable hearing loss (defined as PTA>25 dB in the better ear) using hearing aids.!%62!1.212
The yearly probability of pediatric cochlear implantation was calibrated to achieve 50%

of eligible patients provided with a cochlear implant by age 18 years.!*3
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3.2.8 Internal Validation

We performed internal validation exercises as recommended by AdViSHE. Co-
authors who are experts in decision modeling independently reviewed the model code
and programming for accuracy. We undertook extreme value testing and report our
results in Appendix O. We examined over 20 patient trace files to ensure the logic of the

model and present two annotated patient trace files in Appendix P.

3.2.9 External Validation

All model outcomes were reviewed by hearing health expert co-authors and
collaborators on the Lancet Commission on Hearing Loss for face validity. Expert
reviewers analyzed DeciBHAL output data in virtual meetings and the model logic and
input data were refined based on their feedback. We then focused our external
validation efforts on validation to published data as described above. Cohort
characteristics for external validation simulations were adjusted for each validation
scenario and are described in the Results. We used coefficient of variance root mean
square error (CV-RMSE) to compare model projected outcomes with the published
literature, and considered CV-RMSE<15% to indicate adequate model fit.?'4?!> We also
compared model-projected results with published 95% confidence intervals whenever
possible. For select model outcomes, we present low and high ranges based on input
value computed 95% confidence intervals in Appendix Q.
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3.3 Results

3.3.1 Prevalence of Sensorineural Hearing Loss by Age and Sex

We validated our age- and sex-stratified incidences of bilateral SNHL at each
decile to published NHANES estimates adjusted to remove CHL stratified by sex as an
internal validation exercise (Table 4). We simulated males and females separately from
birth to death and collected the prevalence of bilateral SNHL at each decile. The CV-
RMSE for model-projected male and female age-specific prevalence compared to
adjusted NHANES data was 4.9% and 5.7%. No estimates were outside of the adjusted

NHANES 95% confidence intervals.

3.3.2 Progression of Sensorineural Hearing Loss

DeciBHAL incorporates age-related decline in SNHL from published
longitudinal data. We simulated 35-year-old males and females without any hearing loss
throughout their lifetime, applying SNHL incidences and age-specific progression of
SNHL to the PTA in dB hearing level. We assumed that persons without hearing loss
had a linear decline in their dB hearing level from 0-20 dB hearing level between ages
35-85 years. The model projected population average hearing loss, measured as the PTA
in dB hearing level, at each decile was compared to published data from the Baltimore
Longitudinal Study on Aging (Figure 6).2'® The CV-RMSE of model data compared to
published data was 11.3%.
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Table 4: Model validation results.

Bilateral SNHL

Bilateral SNHL Prevalence,

CHL Prevalence, Males

Hearing Aid Use Prevalence,
% of persons with hearing

Prevalence, Males Females and Females loss
Aoe oﬁijﬂe NHANES, oﬁ:ﬁe NHANES, % Oﬁ’jie NHANES, oﬁ:ﬁe NHANES, %
& " | % (95% CI") ' (95% CI*) ' % ' (95% CI)
% % % %
15 0.13 016 (0.07- 0.08 0.16 (0.07-0.28) 0.46 0.37 - ;
0.28)
25 0.38 0.39 (0.0- 0.31 0.39 (0.0-0.97) 0.59 0.59 - ;
0.97)
35 24 2.5(0.2-3.1) 24 2.5(0.2-3.1) 0.41 0.41 - ;
45 9.9 9.7 (6.4-13.6) 3.0 3.0 (2.0-4.2) 0.56 0.62 - ;
55 20.0 20'5’5(;‘;"1' 6.6 6.3 (4.7-8.1) 1.03 1.14 38 43 (0-8.8)
65 36.7 37'23(‘;;‘2' 175 16.9 (14.2-20.0) 1.31 145 7.8 7.3 (3.6-10.9)
75 64.4 66';’3(67())'5' 45.6 43.7 (39.8-48.5) 1.26 1.43 147 17.0 (12.4-21.6)
85 89.7 86';10(2‘;"7' 79.4 77.0 (74.6-81.0) 1.30 1.39 21.0 22.1 (18.5-25.8)

Abbreviations: B/l: bilateral, CHL: conductive hearing loss, CI: confidence interval, NHANES: National Health and

Nutrition Examination Survey, SNHL: sensorineural hearing loss.
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'95% confidence intervals from published NHANES estimates are adjusted to derive male- and female-specific values, and to
remove conductive hearing loss (see Methods). Therefore, the confidence intervals presented in this table are likely too
narrow to reflect the underlying uncertainty. We presented the narrower confidence intervals here to remain conservative in
assessing model fit, however any future analyses using DeciBHAL-US should use wider confidence intervals in sensitivity

analysis to better reflect this uncertainty.



3.3.3 Acute Otitis Media, Persistent Otitis Media with Effusion, and
Chronic Suppurative Otitis Media

The model-projected incidence of at least 1 episode of AOM at each decile was
consistent with the input data (CV-RMSE=6.5%).1% We validated model-projected yearly
prevalence of OME>3months during ages 0-9 years to adjusted estimates from the
Netherlands (CV-RMSE=12.2%; Appendix R). The derived CSOM incidence rates
produced an average yearly CSOM prevalence between ages 2-80 years of 0.4%,

consistent with US estimates of CSOM prevalence.?%

3.3.4 Prevalence of Conductive Hearing Loss by Age

As described above, simulated persons can acquire CHL during and after CSOM,
or from other etiologies modeled in aggregate. Simulating persons from birth to death,
we validated model-projected age-stratified prevalence of CHL to adjusted NHANES

data (CV-RMSE=10.9%).

3.3.5 Age-Specific Hearing Aid Use

For children, we simulated persons without hearing loss from time of birth to age
18, collecting the proportion of patients with bilateral, permanent hearing loss using a
hearing aid yearly (see Appendix S). Identified estimates ranged between 54-79% in this

age group, which is consistent with identified estimates from the US and other high-
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income settings.!?%?11212 For adults, we simulated persons aged 35 years without hearing
loss throughout the rest of their lifetime, collecting the proportion of people with
acquired hearing loss using hearing aids at ages 55, 65, 75, and 85 (Table 4). We achieved

adequate model fit compared to published NHANES data (CV-RMSE=10.3%).

3.3.6 Cochlear Implantation

We adjusted the yearly probability of adults with severe-profound hearing loss
receiving a cochlear implant to match yearly implantation estimates from 2019

(model=13,000, estimate=13,000).
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Figure 6: Model projected bilateral sensorineural hearing loss severity compared to the Baltimore
Longitudinal Study on Aging.



3.4 Discussion

We developed and validated DeciBHAL-US, among the first microsimulation
models of hearing loss prevention, natural history, diagnosis, and treatment across the
lifespan in the US. Our decision modeling framework was validated by hearing
healthcare clinical and public health experts. We populated the framework with
published estimates of hearing loss epidemiology and current US-based estimates on
treatment uptake and discontinuation, and validated model-projected outcomes to
published estimates. We demonstrated adequate fit of DeciBHAL-US projections to
literature-based estimates across several validation targets, including NHANES
epidemiologic estimates of the natural history of SNHL and CHL, and the hearing
healthcare cascade of care.

DeciBHAL-US has several novel contributions to the hearing loss decision
modeling literature. First, it simulates males and females without and with hearing loss,
incorporating published NHANES epidemiologic data, across the lifespan. Most existing
decision models evaluating hearing healthcare interventions begin with a cohort of
persons with hearing loss and do not incorporate age-related incident hearing loss.”
The use of robust epidemiologic data on incident hearing loss across the entire lifespan
gives DeciBHAL-US the potential to identify optimal points of intervention for hearing
healthcare, and potential effects of hearing loss prevention interventions. The population

of DeciBHAL-US with US-specific health state utility values and costs will enable
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projection of long-term clinical and economic effects of alternative hearing healthcare
interventions and treatment scale-up. Comparing multiple hearing healthcare
interventions in the same modeling structure will produce directly comparable cost-
effectiveness estimates to inform policy and decision makers. DeciBHAL-US further
includes both SNHL and CHL, which provides a framework to better simulate
interventions targeting hearing loss prevention interventions, as well as more accurate
costing analysis.

DeciBHAL-US additionally simulates the current cascade of hearing healthcare
in the US, incorporating current rates of screening, diagnosis, linkage, and severity-
dependent treatment uptake/discontinuation to project the number of people diagnosed
and in care throughout the life course. This allows for simulation of scale-up
interventions (hearing aid, CI, and other) at any point in the hearing healthcare cascade.
The novel inclusion of treatment uptake and discontinuation rates allows DeciBHAL-US
to simulate treatment and screening interventions over a long time-horizon, a key
limitation in the current hearing loss decision modeling literature. Given the uncertainty
in several important parameters informing the hearing healthcare cascade of care, for
example the introduction of over-the-counter hearing aids in the US, future analyses
might assign appropriate distributions to uncertain parameters to allow for value of
information analysis. Value of information analysis is a quantitative methodology that

estimates the monetary value of reducing decision uncertainties, and may provide
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research funders an estimate of the maximum return on investment expected for their
research dollars.?”

DeciBHAL-US currently does not include health state utility values and medical
and societal costs of hearing loss. There is large variability and uncertainty in the
economic modeling literature around health state utility values and indirect economic
costs for hearing loss, with many modeling analyses assigning Global Burden of Disease
calculated disability-adjusted life-years (DALYSs) for severity-specific hearing loss health
states and assuming a 1-severity lower DALY for treated hearing loss.'”> While robustly
measured, these DALY values might not be appropriate in all settings and treatment
states. Indeed, two ongoing systematic reviews as part of the Lancet Commission on
Hearing Loss are currently underway to inform untreated and treated DeciBHAL-US
health state utility values, as well as the costs of lost productivity attributed to hearing
1055.218,219

The natural history framework in DeciBHAL-US necessarily simplified across
important hearing loss etiologies. We worked with key stakeholders to create a
framework of etiologic contributors to hearing loss across the lifespan. We then built off
this framework to identify published estimates and simulate hearing loss natural history
in DeciBHAL. We used NHANES data as the most representative estimates of hearing
loss stratified across age and severity. We made simplifying assumptions to divide the

NHANES data into SNHL and CHL, given the different natural histories and treatment,
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and costs of these conditions. While policymakers will not likely target treatment of
persons with SNHL or CHL, rather persons with hearing loss of any etiology, the model
necessarily simulates hearing loss natural history and progression. Additionally,
separating by etiology provides a framework for simulating alternative hearing loss
prevention interventions in future analyses. However, dividing NHANES projections
into SNHL and CHL does not account for the relationship between SNHL and CHL,
with some data showing that CHL predisposes persons to have SNHL earlier and at
higher severities.??* Additionally, we did not incorporate surgical interventions for CHL,
such as stapedectomy for otosclerosis, and future model versions evaluating these
interventions might incorporate a sub-module to account for hearing and cost outcomes
related to otosclerosis and its treatment.

As currently structured, DeciBHAL does not explicitly consider the contributions
of hearing loss to the increased risk of other physical health outcomes and dementia.
Hearing loss is a modifiable risk factor with potential to affect dementia risk reduction
worldwide and, therefore, prevention or treatment of hearing loss, and the associated
sensory deprivation and social isolation, may reduce the incidence of dementia.!”1221.222
Future versions of DeciBHAL might project the potential clinical and economic benefits
of those possibly averted cases of dementia and other health conditions, without

necessarily simulating the natural history of these disorders.
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DeciBHAL incorporates current published estimates on the prevalence of hearing
aid and cochlear implant use to simulate the cascade of hearing health care. The rates of
hearing aid uptake were based on estimates of time to first hearing aid after hearing loss
onset in an older population, and included a calibration factor to better match NHANES
estimates.> We acknowledge that hearing aid discontinuation rates could also be
adjusted (increased) instead of uptake to better match NHANES estimates, and the
different clinical and economic outcomes from these alternative calibration factors
should be explored in any future DeciBHAL analyses. Data informing the pediatric
hearing aid use prevalence were sparse, and our estimates may overestimate the true
number of children with an aidable hearing loss using a hearing aid. Equally important
to simulating the hearing healthcare cascade, the role of stigma in adult patient decisions
to acknowledge their hearing loss and seek help for their hearing difficulties might be
incorporated indirectly in DeciBHAL as an effect on age-specific hearing aid uptake
rates.”

Additionally, while we based model transition probabilities on acquisition of a
hearing aid or cochlear implant, hearing healthcare often involves a multidisciplinary
healthcare team and longitudinal approach to achieve optimal treatment outcomes, most
evident in the care pathway for children with congenital hearing loss. DeciBHAL does
not explicitly simulate re/habilitation that should be provided to hearing aid and

cochlear implant users, but rather models all persons with either treatment in
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aggregate.??* DeciBHAL'’s health states are inherently based on health outcomes and do
not represent educational and cultural outcomes. Future model input values, such as
health state utility values and costs, might incorporate the proportion of treated patients
receiving appropriate re/habilitative care, and the effects of appropriate care on patient
outcomes, including improved communication and quality of life, and healthcare costs.
There is also the future potential to use DeciBHAL to examine the benefits of early
intervention for non-auditory interventions, which may be more feasible in some
contexts.

Our analysis and DeciBHAL-US have several limiting assumptions. First, as with
all modeling studies we made simplifying assumptions in both the model structure and
input data. We were transparent about these assumptions in this validation analysis,
and any future studies using DeciBHAL-US should robustly test the effect of these
assumptions on projected outcomes. One such assumption is excluding age-period-
cohort effects, using cross-sectional data to project future outcomes, despite the presence
of cohort effects in exposures that DeciBHAL-US does not capture. Data on cohort
effects in hearing loss and methods for their application in long-term simulation
modeling might be incorporated in future analyses using DeciBHAL-US. Another
simplification was the exclusion of an explicit health state for impacted cerumen, a
common and costly condition in the US that is associated with mild levels of hearing

loss.?”> We chose to focus the model structure on permanent hearing loss given the
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yearly time step, however future analyses might include impacted cerumen across all
health states — carrying associated quality of life effects and costs — to better represent
the costs of hearing care in the US. Second, we chose what we believed to be the highest-
quality and most generalizable estimates to validate model-projected outcomes. These
estimates were selected among other possibilities through discussions with clinical and
policy experts in the Lancet Commission on Hearing Loss. Third, some model inputs did
not have US-specific data and required either derivation from other known inputs, or
imputation from population-based estimates from other high-income settings. In
particular, US-specific estimates for pediatric hearing loss natural history and treatment
were sparse and we incorporated estimates from other high-income settings
(predominately Europe and Australia) to inform our model inputs.?? All uncertain
inputs, and especially those adjusted from a non-US setting, should be robustly tested in
sensitivity analysis in future model applications.

Fourth, we defined hearing loss as bilateral, based on PTA, and did not include
unilateral hearing loss, which can also have significant effects on quality of life and
healthcare costs. We made this assumption to remain consistent with input data sources
and other economic analyses of hearing loss, and to remain conservative in our
calculation of the burden of hearing loss. PTA is a commonly accepted metric for
defining hearing loss, and most often found in our input data sources, however it does

not directly assess functional hearing abilities and may under- or overestimate actual
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hearing loss burden. Additionally, for validation purposes, we defined severities in line
with NHANES, which is different than updated severity definitions from the Global
Burden of Disease and the 2021 WHO World Report on Hearing.*'”> Sensitivity analysis
loosening these assumptions will be important in analyses utilizing DeciBHAL-US.
Fifth, given the complexity of the model we were unable to assign distributions to every
parameter and compute uncertainty intervals. Instead, we present several deterministic
sensitivity analyses in the Appendix. Lastly, there are large, documented disparities in
the provision of and access to hearing healthcare within the US, and DeciBHAL
currently does not account for differential outcomes based on patient race, ethnicity, or
socioeconomic status.'*+?27228 Future model versions should incorporate the impacts of
racism, classism, and other structural inequities on hearing health outcomes.??

The vast majority of hearing loss burden lies in low- and middle-income
countries, and the opportunities for hearing healthcare scale-up are equally large in
these settings.! Future collaboration with clinicians and researchers from low- and
middle-income countries, and select populations in high-income settings like the rural
US, might allow for population of DeciBHAL with setting-specific epidemiologic and
treatment parameters and expansion to other settings.?* Ongoing efforts are identifying
the other data inputs necessary to build a hearing loss modeling framework in
international settings, and similar validation efforts will be required for those

frameworks.
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In conclusion, DeciBHAL-US provides a reasonable simulation of hearing loss
natural history, diagnosis, and treatment when validated to published estimates. Use of
DeciBHAL-US for economic analysis might provide a major advance in hearing
healthcare decision modeling literature by projecting comparable cost-effectiveness
ratios for multiple interventions for men and women across the lifespan. The availability
of comparable and transparent cost-effectiveness estimates from DeciBHAL could help
guide decision makers in the optimal allocation of resources to alleviate the substantial
burden of hearing loss and limited treatment uptake in the US and ultimately in other

countries and world regions.
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4. Model-Projected Cost-Effectiveness of Adult Hearing
Screening in the United States

4.1 Introduction

Most US adults will experience hearing loss (HL) at some point in their lifetime,
with prevalence reaching 50% at age 70 years and 80% by 80.42%1232 Despite this high
prevalence, hearing screening is not commonly performed in adults, leaving most
affected Americans without a diagnosis. As a result, 80% of persons with HL in the US
do not receive treatment.*> Further, untreated HL has significant impacts on quality of
life, cognitive impairment and other morbidity, fall risk, and patient-provider
communication.??>? HL incurs yearly societal costs of upwards of $194B due to
associated and independent risk of poor general health and dementia.®2352%
Stakeholders are increasingly calling for identification of cost-effective interventions to
diagnose, link, and treat persons with HL."13175176

Screening for HL in primary care settings increases diagnosis of HL and
downstream treatment uptake.??32%240 However, current US screening practices are
varied and include single questions, surveys, and sound tests, with some professional
societies recommending regular hearing screening of older adults.?#!?#> A recent United
States Preventative Services Taskforce (USPSTF) update found that while several
screening modalities successfully identify persons with HL, and that HL treatment is

beneficial, there was insufficient evidence to make a recommendation on screening
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asymptomatic adults over age 50 years.?>?#324 A key limitation of the evidence cited by
the USPSTF was the absence of a randomized trial that linked hearing screening to
quality-of-life outcomes in the general population. In this study, we used a model to
estimate the long-term clinical and economic effects of different adult hearing screening
paradigms in the US and identify key sources of uncertainty to guide future research

and policy.

4.2, Methods

4.2.1 Analytic Overview

We used the previously validated Decision model of the Burden of Hearing Loss
Across the Lifespan (DeciBHAL-US) to simulate Current Detection (CD), e.g., current
rates of symptomatic presentation and uptake of hearing healthcare, compared to
different hearing screening schedules that varied by age at first screen and screening
frequency.?®> We simulated a cohort of 40-year-old persons without HL throughout their
remaining lifetime, with yearly probabilities of acquiring HL and subsequent hearing
aid (HA) uptake and discontinuation. Screening effectiveness was simulated as an
increase in baseline HA uptake probability during the year of screening. We measured
effectiveness using quality-adjusted life-years (QALYs) and estimated health system
costs in 2020 USD. In cost-effectiveness calculations, we discounted costs and
effectiveness by 3%/year. We considered incremental cost-effectiveness ratios (ICERs) of
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<$100,000/QALY to be cost-effective.?*¢24” This study followed the Second Panel on Cost-
Effectiveness in Health and Medicine and Consolidated Health Economic Reporting

Standards.151.248

4.2.2 Model Overview

DeciBHAL-US is a microsimulation model of HL natural history, detection,
diagnosis, and treatment. Simulated persons experience yearly age- and sex-specific
probabilities of acquiring bilateral sensorineural HL, conductive HL, or both, based on
published National Health and Nutrition Examination Survey (NHANES) estimates.*
Persons with sensorineural HL experience age-related decline in pure tone average
(PTA) hearing level, and HL severity was categorized according to World Health
Organization definitions (WHO; Table 5).175 After acquiring HL, patients experience age-
and severity-specific yearly probabilities of acquiring HAs and, once using HAs, rates of
discontinuation. Adults with severe-to-profound HL may receive cochlear implantation

after use of HAs for at least one year.?®

4.2.3 Simulated Screening Schedules

We simulated screening schedules starting at ages 45, 55, 65, and 75 years and

lasting throughout the lifetime with frequencies of screening every one and five years.
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We did not simulate individual screening modalities as current, and likely future,

hearing screening practices are varied across use of a single-question, survey-based, or
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Table 5: Selected model inputs for the cost-effectiveness analysis.

Clinical input parameters Value Reference
Bilateral SNHL probability, yearly, % Males Females 4182184
Ages 40-45 years 0.76 0.06
Ages 46-55 years 1.22 0.36
Ages 56-65 years 2.33 1.25
Ages 66-75 years 5.39 3.83
Ages 76+ years 10.42 9.17
SNHL Progression, PTA decline in dB, mean
(SD) 187
Ages 35-65 years 1.05 (0.4)
Ages 65+ years, PTA <40 dB HL 1.37 (0.4)
Yearly probability of HA uptake, %" PTA<  PTA =40
40dB dB
Ages 40-55 years 0.54 2.35
Age 65 years 0.51 4.60 59
Age 75 years 0.60 8.14
Age 85 years 0.71 7.20
Yearly probability of HA d/c, ages 18+, %" 197,198
1 year after use 12.9
10+ years after use 3.50
Yearly probability of CI implantation, %
Adults with severe+ HL with HAs, % 1.3 199
Health state utility values 4182-184
No hearing loss 0.84
Mild hearing loss (PTA 25-34 dB HL) 0.71
Mild-moderate hearing loss 0.68
Moderate hearing loss 0.65
Moderate-severe hearing loss 0.58
Severe hearing loss 0.54
Profound hearing loss 0.53
Utility benefit of hearing aids +0.11 8,250-252
Utility benefit of cochlear implants +0.16 250
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sound test screening modality.?® Instead, we incorporated test performance and cost
characteristics from several modalities to create conservative cost-effectiveness

estimates, as described later.

4.2.4 Model Input Data
4.2.4.1 Natural History of Hearing Loss

Yearly probabilities of bilateral sensorineural HL ranged from 0.8-10.4% for
males and 0.1-9.2% for females.*181-18 Age-specific decline in HL is modeled as a yearly
decibel (dB) increase in PTA (mean=1.05dB/year; SD=0.4).'®” Simulated persons may also
acquire conductive HL.188-190192195.202206 DeciBHAL tracks sensorineural HL in dB and
conductive HL in dB independently, and severity-dependent parameters are based off

the more-severe PTA.

4.2.4.2 Hearing Aid Uptake

Simulated persons with HL experience yearly probabilities of acquiring or
discontinuing use of HAs. HA acquisition probabilities vary with age and severity
(Table 5).5° After acquiring HAs, simulated persons have yearly probabilities of
discontinuation that range from 13% in year 1 after acquisition and decline to 4% in year
10.171% These combined inputs were previously calibrated to NHANES estimates of HA

use prevalence, and represent rates of symptomatic and asymptomatic detection and
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linkage to care under current mixed hearing screening policies.> DeciBHAL-US projects
average person-time of HA use by aggregating each year a simulated person uses a HA

and dividing by the total population size.

4.2.4.3 Cochlear Implant Uptake

Patients with severe or profound HL experienced a 1.3% annual
probability of cochlear implantation after at least 1 year of HA use, and a 1% probability

of CI discontinuation thereafter.199210

4.2.4.4 Screening Effectiveness

We simulated the effectiveness of HL screening schedules as a multiplier
on calibrated baseline rates of HA uptake among simulated persons with HL. We based
this multiplier on two randomized control trials that demonstrated increased rates of
hearing healthcare uptake after screening implementation that ranged from 1.50-2.0
(using a tone-emitting otoscope or four-frequency screening device).'%?* For our
basecase screening effectiveness parameter (1.62), we combined the risk ratios of hearing
healthcare uptake after screening versus no screening using inverse variance weighting.
We assumed that among persons who failed screening, there would be a similar risk
ratio for HA uptake in veterans and non-veterans (though the absolute rate is different).

We varied screening effectiveness in sensitivity analysis from 1.05-2.25.
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4.2.4.5 Screening Test Characteristics

We incorporated test characteristics for multiple screening test modalities,
reflecting the diversity of screening methods used in practice. To estimate the number of
persons without HL who might be referred for a hearing diagnostic test based on results
of hearing screening, we used a false positive rate of 24%, based on pooled estimates of
the Hearing Handicap Inventory for the Elderly.? We incorporated a sensitivity of 80%.
These screening test characteristics affected model-projected costs, but not screening
effectiveness because test characteristics were already incorporated in downstream HA

uptake estimates.

4.2.4.6 Health State Utilities

We assumed a population average utility of 0.84 for persons without HL, and
mild and moderate HL utility values derived from the published literature of 0.71 and
0.65.82522% We incorporated data from a recent systematic review on the utility benefits

of HAs (+0.11) and cochlear implants (+0.17) and vary these in sensitivity analysis.#?50-252

4.2.4.7 Screening Costs

Screening test costs were applied to persons without and with HL (schedule-
dependent, either yearly or every 5 years). For persons without HL, we included the cost

of a screening test ($2; device cost and personnel time amortized across all persons
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screened) and the proportion of persons receiving a false positive test (24%) who would
seek an audiology diagnostic test (43%; $295), coming for a net cost of $33.23240.253,2% For
persons with HL but without hearing treatment, we included the proportion of persons
that receive a true positive screen (80%) and seek an audiology diagnostic test but do not

acquire HAs (51%). Along with the screening test cost ($2) the total was $120.240253.254

4.2.4.8 Hearing Healthcare Costs

We included costs of an audiology diagnostic test ($295), HA one-time purchase
($3,690 for the device) and recurring operational and replacement costs ($910), and costs
of cochlear implantation ($54,380 one-time, $1,260-1,400 yearly recurring).!3208254-252%8 Eor
HAs, we assumed 84% of fittings were binaural and accounted for the proportion of
reduced cost HA fittings done through the US Department of Veteran’s Affairs.'®
Recurring HA costs included batteries and replacement of the HA device every five

ye ars.256.257

4.2.5 Sensitivity Analysis

We performed one-way sensitivity analysis, varying model parameters across
their plausible ranges, to determine their effects on the ICER of the most effective
strategy with a basecase ICER<$100,000/QALY. We then performed several multi-way
sensitivity analyses, varying multiple parameters across their plausible ranges. We
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included a sensitivity analysis incorporating WHO assumptions (HL treatment

improves utility by 1 severity stratum) for the benefits of HA utility benefit.

4.2.6 Budget Impact Analysis

We projected 5-year undiscounted incremental costs of a screening schedule for
the current US adult population compared to CD. We used DeciBHAL to determine the
number of people with HL, the HL severity, and the number of people in treatment at
each age. We then simulated 59 cohorts of persons (ages 40-99), scaled to the US

population, over 5 years to estimate 5-year costs for each schedule (Appendix T).

4.3 Results

4.3.1 Clinical Results

HA use increased with earlier age of onset of screening and increased frequency
of screening, ranging from 1.27 person-years under CD to 1.68 for yearly screening
starting at age 45 years. Mean age at first HA with CD was 79.2 years, whereas yearly
screening schedules that initiated before age 75 reduced this age by 0.2 to 0.8 years
depending on the age at first screen. Per-person lifetime undiscounted QALYs for CD
were 32.107 (Table 6). Compared to CD, 5-yearly schedules increased undiscounted
lifetime QALYs by 0.01-0.02, and yearly screening schedules imparted increases of 0.04-

0.07 QALYs.
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4.3.2 Costs and Cost-Effectiveness

CD had lifetime undiscounted per-person hearing healthcare costs of $3,300, 5-
yearly screening schedules had per-person costs of $3,630-3,960 (varying with age at first
screen, 45-75 years), and yearly schedules $4,780-6,490. Using discounted costs and
QALYs, annual screening beginning at ages 75, 65, and 55 years were all considered
cost-effective, with ICERs of $39,100/QALY, $48,900/QALY, and $96,900/QALY,
respectively. Annual screening beginning at age 45 years had an ICER of
$234,600/QALY. Compared to annual screening strategies, most 5-year screening

strategies had lower benefits at increased incremental costs (Appendix U).

4.3.3 One-way Sensitivity Analysis

The ICER for yearly screening beginning at age 55 years was most sensitive to
single parameter variations in audiology diagnostic test cost, screening effectiveness,
HA device cost, screening test false positive rate, and HA utility benefit (Figure 7).
Varying these parameters across their plausible ranges, the yearly screening schedule

beginning at age 55 exceeded the $100,000/QALY threshold (Figure 7, dashed line).
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Table 6: Cost-effectiveness results of alternative US hearing screening schedules.

Schedule Per-person
(Initial Age) Per-person undiscounted . cr e

d ted lifet ICER ALY)?
;g;’;e;rval in lifetime effectiveness (QALYS5s) unc(l)ssi:l(l;);() Ul S(]e)l)me ($/Q )
Current
Detection 32.107 3,300 -
75 q5 32.117 3,630 37,500
65 g5 32.120 3,780 Weakly dominated®
55 g5 32.122 3,880 Weakly dominated®
45 g5 32.122 3,960 Weakly dominated®
75q1 32.149 4,780 39,100
65 ql 32.168 5,570 48,900
55 ql 32.175 6,100 96,900
45 ql 32.177 6,490 234,600

Abbreviations: ICER: incremental cost-effectiveness ratio; QALY: quality-adjusted life-year.
“Discounted lifetime costs and QALYs at 3%/year were used calculate incremental cost-effectiveness ratios.
*Weakly dominated: Indicates an alternative combination of strategies has greater incremental effectiveness at

lower incremental cost.
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Audiology diagnostic test cost ($295; $148-590)

Screening effectiveness (1.62; 2.24-1.31)

Hearing aid device cost ($3,690; $800-$7,380)

False positive rate (0.24; 0.17-0.34)

Hearing aid utility benefit (0.11; 0.14-0.07)

Screening test cost ($2; $1-4)

Baseline time to first hearing aid (9 years; 7-10 years)

Hearing aid discontinuation, yearly probability (5.9%; 4.9-6.8%)

$0 $50,000 $100,000 $150,000 $200,000
ICER, $/QALY

T T

Figure 7: One-way sensitivity analysis on the cost-effectiveness of yearly screening beginning at age
55 years.



4.3.4 Multi-way Sensitivity Analysis

With base-case HA utility benefit inputs, yearly screening beginning at age 55
years remained under $100,000/QALY as long as effectiveness was >1.55 and device cost
was <$6580 (Figure 8A). With screening effectiveness ranging between 1.25-1.45, yearly
screening beginning at age 65 years was <$100,000/QALY. When screening effectiveness
was lowered to 1.05-1.15, none of the simulated screening schedules was cost-effective.

Lowering the HA utility benefit to match assumptions used by the WHO,'”
Global Burden of Disease,?** and other hearing healthcare investment cases increased the
base-case ICER of yearly screening at age 55 to $169,700/QALY (Figure 8B). With these
utility benefit assumptions, yearly screening at age 75 years was cost-effective

(ICER=$93,500/QALY).

4.3.5 Budget Impact Analysis

The average annual undiscounted cost of CD over five years and for the US
population over age 40 years was $12.8B, and for yearly screening beginning at age 55 it
was $21.8B (Figure 9; Appendix V). Most differences in costs between the CD and the
screening schedule were due to screening and subsequent diagnostic test costs,

estimated at $4.9B.
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A. Hearing aid utility benefit 0.11

Hearing aid
device cost

. All simulated strategies with ICERs >$100,000/QALY
75q1 with ICER <$100,000/QALY

65q1 with ICER <$100,00/QALY

55q1 with ICER $50,000-100,000/QALY

55q1 with ICER <$50,000/QALY

6580
5140
3690
2240

800

1.05 1.15 125 135 145 155 1.65 175 185 195 205 215 225

B. Hearing aid utility benefit 0.01-0.07

Hearing aid
device cost

6580
5140
3690
2240

800

1.05 1.15 125 135 145 155 1.65 1.75 185 195 205 215 225
Screening Effectiveness

Figure 8: Three-way sensitivity analysis on the cost-effectiveness of adult hearing
screening schedules in the United States.
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Figure 9: Budget Impact Analysis
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4.4 Discussion

Our model, based on the best available evidence, predicts that hearing screening
schedules for US adults would increase uptake of hearing healthcare and improve
quality of life. Yearly screening at ages 55+years increased per-person undiscounted
lifetime QALYs by 0.07, equivalent to extending full-health survival by 26 days
(averaged across all persons without and with HL). This QALY benefit is in line with
other cost-effective interventions in older adults: a recent cost-effectiveness analysis of
biennial screening mammography in women over age 75 years estimated per-person
QALY benefits of 3-7 days.?® Compared to CD, per-person lifetime undiscounted costs
increased by ~$2,900, and the ICER was $96,900/QALY for yearly screening beginning at
age 55. Simulated screening schedules beginning later in life, such as 65 and 75 years
when HL is more prevalent were even more cost-effective (ICERs<$50,000/QALY).

In sensitivity analysis, applying less optimistic parameter values resulted in the
ICER of yearly screening beginning at 55 years to exceed $100,000/QALY. To improve
the cost-effectiveness of screening, policymakers could focus on improving referral
processes to hearing healthcare after screening (effectiveness) and lowering patient’s
costs for audiology diagnosis or purchase of HA devices. Even with lower screening
effectiveness and higher HA costs, screening schedules starting later in life remained
cost-effective. The cost-effectiveness of hearing screening was also sensitive to HA utility

benefit assumptions. Future efforts should focus on quantifying the value of reduction in
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parameter uncertainty ascertained by potential research projects through value of
information analysis.?”

Previous model-based cost-effectiveness analyses of adult hearing screening
schedules in high-income settings have supported the economic efficiency of screening
beginning at ages 55-65 years.!79253261262 One study set in the US, based on a randomized
controlled trial of >50-year-old, primarily male veterans, projected a $1,400 cost per
additional HA user at one year.?>® Our results are not directly comparable to this study
because we projected costs/QALY and over a lifetime. Two European studies projected
ICERs of €3,700/QALY ($4,700 in 2020 USD) for internet-based screening every 5-years
beginning at age 50 in the Netherlands and £1,800/QALY ($2,800 in 2020 USD) for 5-
yearly primary care screening in the United Kingdom.?'2%2 These ICERs are considerably
lower than our yearly and 5-year estimates, likely due to our incorporation of
audiometric evaluation costs for false positives, consideration of HA discontinuation,
lower screening effectiveness assumptions, and the higher costs of HAs and healthcare
in the US.

A major consideration around adult hearing screening is successful
implementation in real-world settings.?®32¢¢ Challenges throughout the implementation
process include appropriate distribution of the hearing screening test, referral to a
hearing professional, and linkage to hearing healthcare. While our base-case screening

effectiveness estimates were based on comparisons to symptomatic uptake alone, they

83



may overestimate the effectiveness of screening in different settings and without a
research infrastructure. Our sensitivity analyses varying screening effectiveness might
approximate reductions in effect due to imperfect implementation. Innovative hearing
screening strategies, such as availability in community settings like pharmacies and
senior centers, could expand access and help to alleviate the burden on primary care
settings. 265266

We simulated a combination of screening test modalities as opposed to a single
modality to better represent varied practice patterns. While objective assessment
measures, using tone-emitting otoscopes or four frequency screening devices, have
shown better results in trials of adult hearing screening, single-question or other clinical
hearing screening tests may be more feasible in a clinic setting.?**?% To be conservative,
we incorporated higher per person screening test costs (those associated with a tone-
emitting otoscope) paired with a higher false-positive rate (associated with a survey).
However, novel mobile app-based point of care hearing screening modalities would
likely reduce false positives and lower overall test costs.2¢”

Affordability of HAs after a positive screen and diagnosis of HL remains a large
barrier to increased adoption of HAs.??® HAs are not covered under Medicare and
receive limited coverage by other insurers, so persons with HL bear the majority of the
several thousand-dollar cost of HAs. One recent proposed mitigation of this problem is

the Over-the-Counter Hearing Aid Act, which allows persons with perceived mild-to-
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moderate HL to purchase FDA-regulated over-the-counter HA devices without a
medical exam or fitting by a specialist.® While the introduction of this new category of
FDA-regulated hearing devices is projected to increase access and lower HA device cost,
its overall impacts on the costs and effectiveness of hearing screening are less well
understood. Future research would be valuable to clarify the impact on screening cost-
effectiveness.

While we found acceptable ICERs with yearly hearing screening from age 55
years, targeted screening strategies might further improve its cost-effectiveness. For
example, men experience HL at younger ages than women, and individuals in
occupations with high noise exposure are at higher risk of HL.#?®° Screening at earlier
ages may be warranted in such populations. Additionally, there are large disparities in
hearing healthcare uptake by race, ethnicity, socioeconomic position, and rurality.?27.228
Focusing on providing access and linkage to care in these populations might yield larger
societal benefit from a health equity perspective. Future research should investigate the
differential impacts of hearing screening in selected populations.

Our analysis has several limitations. We made simplifying assumptions in our
model structure and input data; however, we documented these assumptions and tested
them in sensitivity analysis. Screening effectiveness was a key uncertain parameter, but
we used the best available evidence to inform our basecase input and varied it in

sensitivity analysis. Second, we assumed that the risk ratio of HA uptake due to
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screening (hearing screening effectiveness) remained constant throughout the lifetime
and did not change based on screening history or severity of HL. The true impact of
repeated screening on persons with HL is unknown. To address this lack of information,
we varied screening effectiveness extensively in sensitivity analysis. Third, we only
considered uptake of HAs or downstream cochlear implants as benefits of adult hearing
screening. However, there are possible benefits to screening beyond provision of
technology, including acknowledgement of a suspected health issue and treatment
approaches not based on use of HAs.?”? Additionally, there may be benefits to passing a
hearing screen, such as peace of mind, that we did not consider. Fourth, we
conservatively excluded potential benefits of hearing healthcare on physical and
cognitive health and healthcare costs. Lastly, due to data limitations we did not include
societal costs such as improved workforce participation due to HL and its treatment.
Assuming that early treatment of HL improves workforce participation, the cost-
effectiveness of hearing screening would improve.?”!

To conclude, we project annual hearing screening in US adults beginning at age
55 to be cost-effective. While future research might inform more certain parameters such
as screening effectiveness, our findings were robust over a wide range of assumptions of
screening effectiveness. Delaying hearing screening implementation in the hopes of
perfect evidence will only further increase the wide hearing healthcare diagnosis and

treatment gap and perpetuate long-standing inequities in hearing healthcare. The
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inclusion of hearing in health assessments of older adults is imperative to their health

and well-being, and we demonstrate here that it too is likely a good use of resources.
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5. Adult Hearing Screening in the United States: The
Value of Future Research

5.1 Introduction

Hearing loss is the fourth leading cause of disability worldwide and over 50% of
US adults ages 70 and over have clinically meaningful hearing loss.'* While effective
treatments for hearing loss are available, most US adults do not have their hearing tested
and are unable to access these treatments. Hearing screening programs have been
shown to increase hearing loss diagnosis and treatment uptake.'%2¥240.272 However, there
are uncertainties around the optimal age of screening initiation, the generalizability of
trial outcomes beyond predominately veteran populations, and the lack of randomized
control trial evidence linking hearing screening to downstream quality of life
improvements.? Future research studies may reduce the hearing screening health policy
decision uncertainty, but their contribution must be weighed against the costs of
conducting such studies.

Value of Information analysis (VOI) is a method to project the expected
monetary value of a research project given its contributions to a decision problem.?” VOI
estimates the reduction in the probability of making a “wrong decision” after
completion of the research project (and reduction of decision uncertainty), multiplied by

the consequences of that wrong decision.?'”?”® This value can then be compared to the
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projected cost of a research project to give an upper bound on the dollar amount that
should be allocated to a research project at a given willingness-to-pay (WTP).

Our objective was to estimate the potential economic value of future research
reducing uncertainties in the evidence around adult hearing screening in the US. We
extended a previously published model-based cost-effectiveness analysis of adult
hearing screening programs in the US to perform VOI.>* Decisionmakers can use these
results, comparing to the projected cost of a research study, to make investment

decisions and maximize patient welfare.

5.2 Methods

5.2.1 Analytic Overview

For this analysis, we used the Decision model of the Burden of Hearing loss
Across the Lifespan (DeciBHAL-US), parameterized with model inputs from a recent
cost-effectiveness analysis of adult hearing screening in the US.2*> We first assigned
distributions to uncertain model inputs from the prior analysis to perform probabilistic
uncertainty analysis (PUA). We then calculated the expected value of perfect
information (EVPI) and expected value of partial perfect information (EVPPI) by
projecting the decision uncertainty reductions given reductions in model input
uncertainty. We followed the Professional Society for Health Economics and Outcomes

Research (ISPOR) best practices for VOI and the Second Panel on Cost-Effectiveness in
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Health and Medicine.'*?* We used a WTP of $100,000/quality-adjusted life-year (QALY)

and vary this value in sensitivity analysis.?#24

5.2.2 Model Description

DeciBHAL-US is a microsimulation model of hearing loss natural history,
diagnosis, and treatment that has been validated in the US setting.?*> Simulated males
and females experience yearly age-specific probabilities of acquiring hearing loss (HL),
either sensorineural HL or conductive HL, worsening of their HL, and receiving or
discontinuing treatment (Table 7). We included hearing aids and cochlear implants as
treatments for all types of hearing loss. DeciBHAL-US collects patient outcomes in terms
of quality-adjusted life-years, based on hearing loss severity and treatment status, and

costs in 2020 USD from a health systems perspective for each hearing simulated strategy.

5.2.3 Simulated Screening Schedules

We simulated several screening strategies that varied in age at initiation, ages 45,
55, 65, and 75 years, and frequency (either every 1 or 5 years). The effects of simulated
hearing screening were incorporated as a multiplier on hearing aid uptake during the
year of screening. This multiplier was based on clinical trials of hearing screening as

detailed later.
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5.2.4 Probabilistic Uncertainty Analysis

We assigned distributions to five uncertain model parameters identified as most
influential in deterministic sensitivity analysis. These parameters included: the utility
benefit of hearing aids, screening effectiveness, screening test false positive rate,
audiology diagnostic test cost, and hearing aid device cost (Table 7). We then ran 1,000
iterations of the simulation, each iteration drawing from specified distributions to
inform that input.?” In this way, we are able to estimate the effect of uncertainty for
these five parameters assigned distributions simultaneously. Simulating all potential
screening schedules and comparing incrementally, we compiled the incremental cost-
effectiveness ratios (ICERs) from each iteration. We generated a cost-effectiveness
acceptability curve (CEAC) by comparing each screening schedule’s ICER to varying
WTP values and determining the optimal strategy for that simulation iteration. The
optimal strategy was defined as the most effective non-dominated strategy that fell

below the defined WTP.

5.2.5 Value of Information Analysis

We followed previously published guidelines and methods to conduct our VOI
analysis.?!7?74276 EVPI is the monetary consequence of making a “wrong” decision based
on current knowledge compared to the optimal decision made with perfect knowledge.

To project the EVPI, or the value of reducing all input parameter uncertainty, we
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calculated the net marginal benefit of each strategy for every iteration of the probabilistic
uncertainty analysis. The net monetary benefit is defined as the product of the expected
effectiveness (QALYs) and WTP, less the expected costs. The optimal strategy is
identified under each probabilistic uncertainty analysis iteration as the strategy with the
highest positive net monetary benefit. We compared the net monetary benefit of the
optimal strategy under each PUA to that of the expected optimal strategy (produced
using the mean of each given distribution). The sum of the differences between the
maximum net marginal benefit of each PUA iteration (decision with perfect information)
and the expected average net monetary benefit is equivalent to the EVPIL. Projected to the
population level, the EVPI represents an estimated upper bound on the dollar amount of
justifiable research investments. When the projected cost of a research study is less than
the EVPI (or EVPPI), this study is likely a good use of research dollars.

To estimate EVPPI for screening effectiveness, or the maximum monetary benefit
of a hearing screening trial that eliminates all uncertainty around the effectiveness of
hearing screening on hearing aid uptake, we ran outer and inner loop simulations. In the
inner loop simulation, DeciBHAL drew from four parameter distributions, analogous to
the PUA. For each PUA inner loop iteration, DeciBHAL drew from the defined
screening effectiveness distribution as the outer loop. This allowed for computation of
the difference between the net monetary benefit of each outer loop iteration compared to

the expected net monetary benefit to calculate the EVPPI in a similar manner to EVPL
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The resulting EVPPI is interpreted as the maximum monetary value of acquiring perfect
information around the effectiveness of hearing screening — or the upper bound of the
cost of a hearing screening trial. In our simulation, we ran 200 iterations of the inner loop
and 50 iterations of the outer loop. To calculate the population EVPI and EVPPI, we
multiplied the per-person EVPI and EVPPI by the estimated number of people ages 40
years and older in the US who currently have bilateral hearing loss and are not treated
(prevalent population) and the expected number of people expected to acquire hearing
loss over the next five years (incident population; incorporating a 3% discount

faCtOf) 45,274,277

5.2.6 Clinical Input Parameters

Simulated persons began at age 40 years without HL and experience yearly
probabilities of bilateral sensorineural HL (Table 7).#181-18 Yearly probabilities of
conductive hearing loss were also incorporated.188:190192195202206 Worsening of
sensorineural HL was incorporated as a yearly decibel (dB) increase in
PTA(mean=1.05dB/year; SD=0.4).1%” After acquiring HL of any type, simulated persons
have age- and severity-specific probabilities of HL diagnosis and hearing aid uptake
(0.5-8%).>° Hearing aid discontinuation varies along with time since acquisition (13% in
year 1 to 4% in year 10). 1% Hearing aid users with severe and profound HL have a

1.3% yearly probability of cochlear implantation.!*?!* Health state utilities were
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incorporated from the literature, and the utility benefits of hearing aids (+0.11) and
cochlear implants (+0.17) were from a recent systematic review.52522% In PUA, the utility
benefit of hearing aids was assigned a beta distribution, using 95% confidence intervals
0.07-0.14.

We included screening effectiveness as the inverse variance weighted average of
two trials of hearing screening (1.62).124 We assigned a normal distribution to this
parameter for PUA using the 95% confidence intervals generated by a random effects
model. We used a false positive rate of 24%, which was used to calculate costs of

screening, and assigned a beta distribution.?®

5.2.7 Economic Input Parameters

The costs of HL diagnosis and treatment included audiology diagnostic testing
($295) and hearing aid devices ($3,890).132> Both parameters were assigned gamma
distributions, assuming variance equal to the mean as is standard in PUA when variance
is not reported for cost parameters.?’® Hearing aid device replacement every 5 years and
battery costs were included as recurring cost. Cochlear implant costs were $53,380 for
implantation, with recurring maintenance and therapy costs of $1,240-1,400/year 208254258
The costs of screening were applied to persons without and with hearing loss. The
screening test cost was $2.2° For persons without hearing loss, 43% of persons receiving

a false positive screen acquired a diagnostic test.?324025325 For persons with hearing loss,
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51% of persons receiving a true positive screen were assumed to pursue an audiology

diagnostic test but not acquire hearing aids.?025325

5.3 Results

5.3.1 Expected Cost-Effectiveness Results

The expected discounted lifetime QALYs for current detection (CD) was 18.111,
and ranged from 18.122-18.133 QALYs for the yearly screening strategies. Expected
discounted lifetime costs were $1,180 for CD, and ranges from $1,580-2,480 for the yearly
screening strategies. Yearly screening beginning at ages 75, 65, and 55 years all were
cost-effective, with ICERs of $21,600/QALY, $45,600/QALY, and $80,200/QALY. The

ICEREs for yearly screening beginning at age 45 years was $231,700/QALY.

5.3.2 Probabilistic Uncertainty Analysis

Assigning distributions to key uncertain parameters, we ran 1,000 model iterations of
each screening schedule to identify the optimal strategy. At a base-case WTP of
$100,000/QALY, yearly screening beginning at age 55 years was the most effective non-
dominated strategy under the WIP (optimal strategy) in 38% of the simulations (Figure
10). Yearly screening beginning at age 45 was optimal in 30% of simulations, yearly
screening beginning at age 65 in 16%, CD in 11%, and yearly screening beginning at age

75 years in 6%. At lower WTPs, assuming payers are unwilling to pay >$50,000/QALY,
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CD was more frequently the optimal strategy. At WTPs higher than $100,000/QALY,
yearly screening beginning at age 45 years was frequently the optimal strategy (Figure

10).
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Table 7: Selected model inputs for the value of information analysis.

Clinical input parameters Value Distribution Reference
Bilateral SNHL probability, yearly, % Males Females 4182-184
Ages 40-45y 0.76 0.06 -
Ages 46-55y 1.22 0.36 -
Ages 56-65y 2.33 1.25 -
Ages 66-75y 5.39 3.83 -
Ages 76+y 10.42 9.17 -
SNHL Progression, PTA decline in
dB, mean (SD) .
Ages 35-65y 1.05 (0.4) -
Ages 65+, PTA <40 dB HL 1.37 (0.4) -
Yearly probability of HA uptake, %" PTA < PTA > 40 dB
40dB
Ages 40-55y 0.54 2.35 -
Age 65y 0.51 4.60 - 59
Age 75y 0.60 8.14 -
Age 85y 0.71 7.20 -
Yearly probability of HA d/c, ages 197 198
18+, %"
1 year after use 12.9 -
10+ years after use 3.50 -
Yearly probability of CI implantation,
%
Adults with severe+ HL with HAs, % 1.3 - 199
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Clinical input parameters, continued Value Distribution Reference
Health state utility values 4182-184
No hearing loss 0.84 -
Mild hearing loss (PTA 25-34 dB HL) 0.71 -
Mild-moderate hearing loss 0.68 -
Moderate hearing loss 0.65 -
Moderate-severe hearing loss 0.58 -
Severe hearing loss 0.54 -
Profound hearing loss 0.53 -
. . ) ) Beta; alpha=33.61,
Utility benefit of hearing aids +0.11 betaz285.93
Utility benefit of cochlear implants +0.16 -
Screening Effectiveness, multiplier on 162 Normal; mean=1.6,
HA uptake SD=0.4
. o o Beta, alpha=93.54,
Screening test false positive rate 14% beta=29.70
Economic input parameters Value (2020 USD) Distribution Reference
Screening test cost 2 - 253
Audiology diagnostic test cost 295 Beta; alpha=1, beta=295 2+
. . . Gamma; shape=1,
Hearing aid device(s) cost 3,890 scale=3890 13
Yearly Hearing aid recurring cost 1,090 Varied .along with 13,254
device cost
Cochlear implantation cost 54,380 -

Yearly recurring costs, cochlear
implantation

1,260-1,400

208,254,258

*Linear interpolation was used between ages not displayed.
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Abbreviations: CI: cochlear implant; dB: decibel; d/c: discontinuation; HA: hearing aid; HL: hearing level; PTA: pure tone

average; SD: standard deviation; SNHL: sensorineural hearing loss.



5.3.3 Expected Value of Perfect Information

At the basecase WTP of $100,000/QALY, the per-person value of reducing all
uncertainty in the hearing screening decision problem was $176 (Table 8A). Extending
this value to all US adults ages 40+ with untreated hearing loss, as well as those expected
to acquire hearing loss over the next 5 years, the population EVPI was $9.6 billion. This
result is the estimated upper bound of research funding for the hearing screening
problem. Varying WTP assumptions, the population EVPI ranged from $8.2-$12.6

billion.

5.3.4 Expected Value of Partial Perfect Information

We projected the value of reducing all uncertainty on the hearing screening
effectiveness parameter using EVPPI analysis. At the basecase WTP of $100,000/QALY,
the per-person EVPPI for screening effectiveness was $45 (Table 8B). Extended to the
current and future population affected by this decision, the population EVPPI was $2.4
billion. This result suggests that no more than $2.4 billion should be spent on a hearing

screening trial.
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Table 8: Expected value of perfect information and expected value of partial
perfect information for screening effectiveness across varying willingness to pay

thresholds.

A. Willingness to

Expected value of perfect

Population expected value of
perfect information (2020 USD,

Pay ($/QALY) information billions)
$50,000 $234 $12.641
$100,000 $176 $9.555
$150,000 $152 $8.244
$200,000 $167 $9.020

B. Willingness to

Expected value of partial
perfect information for

Population expected value of
partial perfect information for

Pay ($/QALY) screening effectiveness screening effectiveness (2020
USD, billions)
$50,000 $23 $1.270
$100,000 $45 $2.434
$150,000 $38 $2.038
$200,000 $58 $3.148

Abbreviations: QALY: quality-adjusted life-year.

All costs are presented in 2020 USD.

101



<0t

Probability Optimal Strategy

o
o0

S
o

<
~

S
[\

—Current Detection

—Screen q1, begin age 45
—Screen ql, begin age 55
—Screen ql, begin age 65
—Screen ql, begin age 75
—Screen g5, begin age 75

\

\

$100,000 $150,000 $200,000
Willingness to Pay ($/QALY)

Figure 10: Cost-effectiveness acceptability curve.

$0 $50,000



5.4 Discussion

Our stochastic modeling analysis demonstrated large uncertainties in the optimal
hearing screening schedule for US adults. At the US standard WTP, yearly screening
beginning at age 55 years was most frequently the optimal strategy, although initiation
at ages 45, and 65 years and no screening (CD) were each the optimal strategies in >10%
of simulations. This high level of decision uncertainty due to imperfect current
information, combined with the significant prevalence of untreated hearing loss, led to
large EVPI estimates that ranged from $8.2-$12.6 billion. Considering just eliminating
the uncertainty around the effectiveness of hearing screening, the population EVPPI was
$2.4 billion. This monetary value might be compared to the cost of future trials to inform
hearing screening effectiveness — we project research efforts that clarify the effectiveness
of hearing screening costing less than $2.4 billion to be a good use of resources.

Comparing our estimated EVPPI of a hearing screening trial to costs of recently
completed trials in hearing healthcare, it is imminently possible that further research be
conducted to determine the effects of adult hearing screening on hearing aid uptake. For
instance, the NIH-reported costs of the Aging, Cognition, and Hearing Evaluation in
Elders (ACHIEVE) randomized trial totaled $16.5 million.?”® This trial sought to evaluate
the effect of hearing intervention vs. aging education control on incident dementia,
recruiting 850 patients with a 3-year follow-up.?’ A hearing screening trial might be

conducted over an even shorter timeline, and for much less than the EVPPI estimate of
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$2.4 billion. Further, our total EVPI suggests that research around hearing healthcare
may be underfunded in the US. The entire National Institute on Deafness and
Communication Disorders 2021 budget was $446 million, substantially lower than our
adult hearing screening research value of $8.2-$12.6 billion.?”® Given the large clinical
and economic consequences of the adult hearing screening decision, large funding and
research effort into identifying the optimal decision is warranted.

While our results give an upper bound on the monetary value of perfect and
partial perfect information for adult hearing screening, they cannot estimate the value of
a particular study or study design. Extended VOI methods, such as the expected value
of sample information, might be implemented in future research to better understand
the value of an imperfect research study that only partially clarifies an uncertain
parameter.?®® Further, expected value of sample information methods can inform trial
design and sample size calculation, and account for imperfect implementation.?s!
Although computational power has been a limiting factor in calculating expected value
of sample information, novel methods might allow for more efficient estimation.?2

Our analysis is strong in that it incorporates the best available evidence to
estimate the decision uncertainty around adult hearing screening in the US and is the
first estimate of the value of future research in US adult hearing screening. However,
this study has several limitations. First, our model includes simplifying assumptions

around hearing loss natural history, treatment uptake, and screening implementation.
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We detail and justify these assumptions here and elsewhere.?*> Second, given
computational limitations, we did not assign distributions to every model parameter.
Instead, we identified the most influential parameters in deterministic analysis, as well
as the most uncertain parameters from a clinical and policy perspective, to explore in
PUA. Third, we varied the false positive rate across its plausible range but did not
simultaneously vary screening sensitivity. This was because we did not explicitly
incorporate sensitivity in our calculations, but rather included screening effectiveness as
downstream hearing aid uptake. Future analyses might better explore the sensitivity
and specificity of specific hearing screening modalities. Lastly, we only estimated EVPPI
for the screening effectiveness parameter. We selected this parameter for EVPPI analysis
based on expert opinion on the most uncertain parameter in the general population and
most significant research gap.?

In conclusion, our model-based analysis projects high potential value of future
research on adult hearing screening, and in particular the effectiveness of hearing
screening. The high degree of uncertainty around the optimal age of hearing screening
initiation, paired with the significant burden of hearing loss in the US, justifies research
investment. Future research projects that resolve uncertain elements of the decision
problem may clarify the best hearing screening decision for the millions of US adults

with hearing loss.
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6. Conclusions and Future Directions

The combined results of this dissertation have significant clinical and policy
implications. The evidence-based modeling analyses demonstrate the cost-effectiveness
of screening older US adults for hearing loss yearly beginning at age 55. This finding
may help bring clarity to current USPSTF recommendations that leave the hearing
screening decision up to individual patient-clinician decision making. The findings
support, from a cost-effectiveness perspective, clinical guidelines that recommend
screening older adults for hearing loss. While the USPSTF usually requires a
randomized clinical trial demonstrating health benefits of preventative services, our
decision modeling approach shows that across a wide range of hearing screening
effectiveness assumptions screening adults for hearing loss yearly at age 55 is cost-
effective. Decisions to screen or to not screen for hearing loss are being made daily in the
US, and we show that given the current evidence hearing screening is likely effective
and cost-effective. Our results further inform conversations around the value assessment
of hearing healthcare interventions and may be used in clinical decision support tools
weighing costs with potential benefits. Lastly, consumer education around the burden of
hearing loss in the US, the various treatment options, and their value, might reduce
barriers to screening and appropriate treatment and mitigate stigma.

Importantly, hearing aids are poorly covered under most insurance and

Medicare explicitly excludes hearing aid coverage in its statutes. Our work shows the
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large potential health gains resulting from identifying persons with hearing loss and
providing them with hearing aids and hearing healthcare. As cost of hearing aids is
often prohibitive for patients in the US, policy changes that cover or partially cover the
cost of hearing aids would be beneficial to patients and cost-effective by US standards.
While reforms to Medicare regulations to cover hearing aids was considered in 2021,
they were not enacted. Our work may be used to inform future debates around the
value of hearing healthcare provision in the US. Further, our work potentially supports
additional research and medical technology innovation to enhance the value of hearing
aids, and increase utilization and sustainable uptake.

While the base-case, or best-guess, model pointed to yearly screening beginning
at age 55 years as the decision strategy, when all model parameter uncertainty was
considered the optimal age for screening initiation was uncertain. Through value of
information analysis, I showed that large investments are warranted to help reduce this
decision uncertainty. Indeed, the expected value of partial perfect information for
hearing screening was $2.4 billion. Compared to other randomized trials in hearing
healthcare, this is a large sum and suggests that future research funding for a hearing
screening trial is likely a good use of resources.

The research outcomes from Chapter Three provide one of the first quantitative
decision modeling frameworks for US adult hearing screening. The framework informed

research output in subsequent chapters of the current dissertation, but also may serve as
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a basis for future research questions regarding adult hearing health. There are ongoing
efforts to expand this model to low- and middle-income settings to better inform global
hearing healthcare and resource prioritization. Using similar methods as those in
Chapter Four, we seek to use DeciBHAL to inform global cost-effectiveness analyses for
the Lancet Commission on Hearing Loss."'? As a part of these efforts, we seek to make a
version of DeciBHAL available to decisionmakers in an online tool. This will require
adapting the current modeling framework to allow for end-user imputation of inputs
relevant to their decision problem. Lastly, there are ongoing efforts clarifying the
impacts of hearing loss and its treatment on employment status, absenteeism, and
education attainment to better inform a societal perspective analysis of hearing
healthcare.

The association between hearing loss and other health outcomes, such as falls
risk and dementia, is well understood and future DeciBHAL analyses might account for
any potential reduction in these spillover health effects due to the prevention or
treatment of hearing loss. Hearing loss is the leading preventable cause of dementia
worldwide, with a population attributable fraction of 9%, so the ability to assess the
impact of hearing loss prevention on dementia incidence will be important to future
analyses. With regard to the hearing screening question, to the extent that hearing loss
treatment reduces falls or dementia risk, hearing screening would become even more

economically efficient.
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There are additionally well-documented disparities in hearing healthcare and
future DeciBHAL analyses might further stratify hearing loss natural history and
treatment outcomes by race, ethnicity, socioeconomic status, or rurality. This
stratification might allow for the assessment of targeted hearing screening strategies, or
other hearing healthcare interventions, to reduce health inequities due to systemic
racism and classism. Novel methods to incorporate the evaluation of health equity
impacts of cost-effectiveness analysis, such as equity impact and equity trade-off
analysis, might better illuminate the potential effects of hearing intervention on health
equity.?3

The significant burden of unaddressed hearing loss in the United States presents
a large opportunity for implementation of cost-effective interventions to prevent,
diagnose, and treat hearing loss across the lifespan. Research outcomes within this
dissertation provide quantitative evidence to hearing health clinical and policy
decisionmakers to inform optimal hearing screening and treatment strategies for older
adults in the United States. Maximizing patient welfare through selection of cost-
effective hearing public health interventions is an important step towards eliminating

hearing loss as a barrier to human communication and fulfillment.
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Appendix A. Lancet Commission on Hearing Loss
Commissioner Roster List.

Table A.1: Lancet Commission on Hearing Loss Commissioner roster list.

Name Title Affiliation
Blake Wilson Commission Chair Duke University
Nati 1 Institut f
Debara Tucci Commission Co-Chair ariona’ INSHAEES ©
Health
Centre for Health
Bolajoko Olusanya Commission Co-Chair entre 01? ) e‘a y
Start Initiative
World Health
Shelly Chadha Commissioner Co-Chair ot . eé
Organization
Gillian Sanders Schmidler Commissioner Duke University
Howard Francis Advisory Board Member Duke University
Osondu Ogbuoji Commissioner Duke University
University of
Gerry O’'Donoghue Commissioner mv‘er51 Yo
Nottingham
University Coll
Anne Schilder Commissioner Tuversity -OTeee
London
Catherine McMahon Commissioner Macquarie University
Enis Baris Commissioner The World Bank
- . . Duke NUS Medical
Eric Finkelstein Commissioner
School
University of
Fan-Gang Zeng Commissioner ‘mvel"51 Y O,
California, Irvine
Frank Lin Commissioner Johns Hopkins
George Tavartkiladze Commissioner National Research
Centre for Audiology
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Name Title Affiliation
and Hearing
Rehabilitation
Medical University of
Judy Dubno Commissioner eciea mver‘51 Yo
South Carolina
. o Hearing Loss
Ms. Katherine Bouton Commissioner o .
Association of America
Muhammad Pate Commissioner World Bank
Mark McClellan Commissioner Duke
Patricia Castellanos de o CEDAF Hearing
Commissioner
Munoz Center
. . o Medicine School
Ricardo Ferreira Bento Commissioner . .
University of Sao Paulo
Ronna Hertzano Commissioner University of Maryland
Susan Emmett Commissioner Duke
University of Toronto
Zulfigar Bhutta Commissioner
Aga Khan University
Isaac Macharia Commissioner University of Nairobi
Maulana Azad Medical
Suneela Garg Commissioner College & Associated
Hospitals New Delhi
Carolina Der Commissioner University of Chile
Uni ity of th
Charlotte Chiong Commissioner mve‘r‘51ty. or e
Philippines
Mira Johri Commissioner University of Montreal
Janet Bettger Commissioner Duke University
Shiming Yang Commissioner Chinese PLA General
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Appendix B. Search Strategy for the Systematic Review.

Database: MEDLINE (via PubMed)

Search date: 6/14/2020
Note: set sort order to Most Recent

Table B.1: MEDLINE search strategy.

# Terms Results
#1 "Hearing Loss"[Mesh] OR “hearing”[tiab] 128,921
Hearing loss
#2 "Costs and Cost Analysis"[Mesh] OR "Cost- 271,991
Cost Benefit Analysis"[Mesh] OR "cost-benefit"[tiab]
effectiveness | OR "cost-effectiveness"[tiab] OR "cost
utility"[tiab] OR “economic evaluation”[tiab]
OR "economic evaluations"[tiab] OR “economic
model”[tiab] OR "economic models"[tiab]
#3 #1 AND #2 919
(combining)
#4 #3 AND English[lang] 856
(narrowing)
#5 #4 NOT (Editorial[ptyp] OR Letter[ptyp] OR 806
(narrowing) | Case Reports[ptyp] OR Comment[ptyp]) NOT
(animals[mh] NOT humans[mh])
Database: EMBASE (via Elsevier)
Search date: 6/14/2020
Note: Search from the Results page
Table B.2: EMBASE search strategy.
# Terms Results
#1 'hearing impairment'/exp OR hearing:ti,ab 188,233
Hearing loss
#2 'cost benefit analysis'/exp OR 'cost effectiveness | 260,154
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Cost analysis'/exp OR 'cost utility analysis'/exp OR
effectiveness 'economic evaluation'/de OR 'cost-benefit':ti,ab
OR 'cost-effectiveness":ti,ab OR 'cost utility:ti,ab
OR 'economic evaluation':ti,ab OR 'economic
evaluations':ti,ab OR 'economic model':ti,ab OR
'economic models':ti,ab
#3 #1 AND #2 1,212
(combining)
#4 #3 AND [english]/lim AND [humans]/lim 1,084
(narrowing)
#5 #4 NOT ('case report'/exp OR 'case study'/exp 882
(narrowing) | OR 'editorial'/exp OR [editorial]/lim OR
letter'/exp OR [letter]/lim OR note'/exp OR
[note]/lim OR [conference abstract]/lim OR
‘conference abstract'/exp OR 'conference
abstract'/it)
Database: Cochrane Library (via Wiley)
Search date: 6/14/2020
Note: search from Advanced Search < Search Manager
Table B.3: Cochrane Library search strategy.
# Terms Results
#1 [mh "Hearing Loss"] OR hearing:ti,ab 5611
Hearing loss
#2 [mh "Costs and Cost Analysis"] OR [mh "Cost- | 25,215
Cost Benefit Analysis"] OR cost-benefit:ti,ab OR cost-
effectiveness effectiveness:ti,ab OR "cost utility":ti,ab OR
"economic evaluation":ti,ab OR "economic
evaluations':ti,ab OR "economic model":ti,ab
OR "economic models":ti,ab
#3 #1 AND #2 97
(combining)
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Database: Global Index Medicus

Produced by the World Health Organization, this resource offers the ability to search the
literature in regional medical indices, including AIM (AFRO), LILACS
(AMRO/PAHO), IMEMR (EMRO), IMSEAR (SEARO), and WPRIM (WPRO).

Search date: 6/14/2020
Note: Search from Advanced Search

Table B.4: Global Index Medicus search strategy.

# Terms Results

#1 tw:(hearing)) AND (tw:(cost OR costs OR cost- 137
effectiveness OR cost-benefit OR cost-utility))

#2 English Filter 80
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Appendix C. Population, Intervention, Comparison,
Outcome, Time, and Study Design Table of the Inclusion
Criteria for the Systematic Review.

Table C.1: Population, Intervention, Comparison, Outcome, Time, and Study
Design table of the inclusion criteria for the systematic review.

Inclusion Criteria Exclusion Criteria
Persons with hearing
loss
Population or Persons without
problem of interest Conditions that affect hearing loss

hearing loss (i.e.,
bacterial meningitis, etc.)

Interventions /
prognostic factors /
diagnostic test /
exposure of interest

Any diagnostic or Interventions
therapeutic intervention | unrelated to hearing
related to hearing loss loss

Comparison (if any) Any comparison -

: Studies that do not
Study must consider

Outcome . . consider costs and
costs and clinical benefits . .
clinical benefits
Time Any -
Editorials, case reports,
letters, comments
Original research articles Trial-based cost-
effectiveness analyses
Study Types .
yiyp Cost-effectiveness that do not use a
analyses that utilize a decision model

decision model

Cost-benefit analyses
that do not report
clinical outcomes
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Appendix D. Complete List of Data Points Extracted for
the Systematic Review.

Table D.1: Complete list of data points extracted for the systematic review.

Variable Definition Data Collection

CEA with decision model

Article T -
rticle 1ype Systematic Review

Africa
Asia
Australia/NZ

What was the Canada

primary setting
the study was
performed?

Latin America
Middle East
South America
UK/Europe
United States
Other or unsure (list country
here)

Setting

Cochlear Implants
Neonatal Screening
Child Screening
Occupational Exposure
Otitis Media with Effusion
Vaccine
o Adult Screening
Intervention/Condition condition V\;as Hearing Aids
analyzed? ASNHL MRI
(select all that )
apply) Hearing loss general
Medulloblastoma
Drug Reactions
Neonatal CMV
Schwannoma

What type of
intervention or

Otosclerosis
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Variable

Definition Data Collection

Implantable Hearing Aids
Other or Unsure (list here):

Decision Tree

Markov
What type of Diagram
Model Type decision model Probabilistic
was used? Net-Cost
Other/Unclear (list other model
here)
Healthcare Payer
Healthcare System
What was the Patient
Perspective perspective of Societal
the model? Modified Societal
Not Clear
Other (list here):
Was the
Statement of perspective Explicit
Perspective explicit or Inferred
inferred?
Pediatric (<18)
Population What was the Adult (18+)

i0n?
population? Subgroup (enter here):
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Variable

Definition

Data Collection

What was the

Unilateral sensorineural
Bilateral sensorineural
Sensorineural (not reported
either unilateral or bilateral)

Hearing Loss T hearing 1
earing Loss Type ea:mi? 0Ss Conductive
ype: Mixed
Unclear
Other (enter here):
Enter each Arm 1:
) Arm 2:
Comparators comparator in
) Arm 3:
each field
Etc.
What was the QALY
Health Outcome health outcome DALY
Measurement measurement Life-years

of the model?

Other (enter here):

Definition of Hearing

Loss

What was the
definition of
hearing loss in
the model?

Enter here:

Time Horizon

What was the
time horizon of
the model?

Lifetime
Other: reported in years

Currency/Year

What was the
currency/year
of the model?

Year/Currency

Basecase ICER of
Intervention

What are the
“ Abstract-
worthy “cost-
effectiveness
results?

Enter here:

Model Validation

How was the
model
validated?

Enter here:

Method of

What was the

One-way deterministic
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Variable Definition Data Collection
Characterizing method of the Multi-way deterministic
Uncertainty model? Probabilistic
Unclear
None
Other (list here):
No funding
Government
What was the Non-Government/Non-
Funding funding Industry
source? Industry
Unclear
Other (enter here):
Was there a Yes
Disclosure Statement disclosure No
statement?
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Appendix E. Summary of the Quality Rating Measure for
the Systematic Review.

Table E.1: Summary of the quality rating measure for the systematic review.

Criterion Short

Criterion D iptio Weight
Name riterion Description eig

Was the study objective presented in a clear,

Study Objective specific, and measurable manner?

Were the perspective of the analysis (societal,
Perspective third-party payer, etc.) and reasons for its 4
selection stated?

Were variable estimates used in the analysis

Source of , ,
bl from the best available source (i.e., g
variable . .
. Randomized Control Trial-Best, Expert
estimates .
Opinion-Worst)?
If estimates came from a subgroup analysis,
Subgroup were the groups prespecified at the beginning 1
of the study?
Was uncertainty handled by: 1) statistical
, analysis to address random events; 2)
Uncertainty e . 9
sensitivity analysis to cover a range of
assumptions?
Incremental Was incremental analysis performed between 6
analysis alternatives for resources and costs?

Was the methodology for data abstraction
(including value health states and other 5
benefits) stated?

Data abstraction
methodology

Did the analytic horizon allow time for all
relevant and important outcomes? Were
Time horizon benefits and costs that went beyond 1 year 7
discounted (3-5%) and justification given for
the discount rate?

Was the measurement of costs appropriate and
the methodology for the estimation of 8
quantities and unit costs clearly described?

Cost
measurement
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Primary outcome
measures

Were the primary outcomes measures/scales
valid and reliable? If previously tested valid
and reliable measures were not available, was
justification given for the measures/scales
used?

Health outcomes

Were the health outcomes measures/scales
valid and reliable? If previously tested valid
and reliable measures were not available, was

measures e .
justification given for the measures/scales
used?
Were the economic model (including
. structure), study methods and analysis, and
Display of ) y y

economic model

the components of the numerator and
denominator displayed in a clear transparent
manner?

Statement and
justification of
choices

Were the choice of economic mode, main
assumptions and limitations of the study
stated and justified?

Direction and
magnitude of
potential biases

Did the author(s) explicitly discuss direction
and magnitude of potential biases?

Conclusions

Were the conclusions/recommendations of the
study justified and based on the study results?

Disclosure of
funding

Was there a statement disclosing the source of
funding for the study?
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Appendix F. Intervention Comparisons Made Among
Included Studies in the Systematic Review.

Stapedect-
omy

12
Deaf
Education
- Ventilation
4 Tubes
v '2 2
Vaccination '
Screening Antibiotics

Figure F.1: Intervention comparisons made among included studies in the
systematic review.

In this Figure, we compiled the number of studies that had comparisons across
intervention categories. In this figure, we included studies that considered the four most
common interventions: hearing screening, cochlear implants, hearing aids, and

vaccination. CI: cochlear implantation, HA: hearing aid.
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Appendix G. Main Cost-Effectiveness Findings from
Included Studies in the Systematic Review.

Table G.1: Main cost-effectiveness findings from included studies in the
systematic review.

Bibliography

Main Cost-Effectiveness Findings

Abrams, H., Chisolm, T. H., McArdle, R. A
cost-utility analysis of adult group
audiologic rehabilitation: are the benefits
worth the cost? ] Rehabil Res Dev. 2002.
39:549-58

HA treatment cost $60.00/QALY gained compared to
no treatment, while HA + audiologic rehabilitation
cost only $31.91/QALY gained compared to no
treatment.

Baltussen, R., Smith, A. Cost-effectiveness of
selected interventions for hearing
impairment in Africa and Asia: A

mathematical modelling approach.
International Journal of Audiology. 2009.
48:144-158

Findings showed that in both regions, screening
strategies for hearing impairment and delivery of
hearing aids cost between I$1000/DALY and
I$1600/DALY, with passive screening being the most
efficient intervention. Active screening at schools and
in the community were somewhat less cost-effective.
In the treatment of chronic otitis media, aural toilet in
combination with topical antibiotics costs was more
efficient than aural toilet alone, and cost between 1$11
and I$59/DALY in both regions. The treatment of
meningitis with ceftriaxone cost between 1$55 and
1$217/DALY at low coverage levels, in both regions.

Baltussen, R. Smith, A. Cost effectiveness of
strategies to combat vision and hearing loss
in sub-Saharan Africa and South East Asia:
mathematical modelling study. Bm;j. 2012.
344:e615

The cost per DALY averted was <1$285 for all
hearing loss interventions.

Bamford, J. Fortnum, H., Bristow, K., Smith,
J., Vamvakas, G., Davies, L., Taylor, R.,
Watkin, P., Fonseca, S., Davis, A., Hind, S.
Current practice, accuracy, effectiveness and
cost-effectiveness of the school entry hearing
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Other Abbreviations: HL — hearing loss, SNHL — sensorineural hearing loss,
BAHA - bone anchored hearing aid, BAHD - bone anchored hearing device, HA —
hearing aid, HA - hearing aid, CI — cochlear implant, VTs — ventilation tubes, DN - do
nothing, QALY - quality-adjusted life year, DALY — disability-adjusted life years, QoL —
quality of life, (U)NHS - (universal) newborn hearing screening, OME - otitis media
with effusion, cCMV - congenital cytomegalovirus, CE — cost-effectiveness, (I)CER —
(incremental) cost-effectiveness ratio, ICUR — incremental cost-utility ratio, OEA —
otoacoustic emission, TEOAE — Transient Evoked Otoacoustic Emissions, S-ABR —
simulated auditory brain response, AABR — automated auditory brain response, HUI —

health utilities index, TTO — Time Trade Off, SF-6D — Short Form Dimension Six.
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Appendix H. Funding Sources for Included Studies in the
Systematic Review.
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Figure H.1: Funding sources for included studies in the systematic
review.

Legend: This Figure indicates the number of studies that reported each type of funding. Note

some studies had more than 1 funding source.
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Appendix I. Median Quality Scores by Intervention
Category in the Systematic Review.

Median Quality Score

Screening Vaccine
Intervention Category

100
90
80
70
60
50
40
30
20
10

0

Other

Figure I.1: Median quality scores by intervention category in the
systematic review.

Legend: Figure 1.1 indicates the median quality score for studies in each intervention

category. Error bars indicate the interquartile range.

Table I.1: The distribution of quality scores by intervention category.

Intervention Category

Quality Score CI HA Screening ~ Vaccine Other
Range

>90 41.2% 64.3% 54.3% 72.7% 55.2%
80-90 11.8% 17.9% 14.3% 13.6% 10.3%
70-80 11.8% 0.0% 8.6% 9.1% 3.4%
<70 35.3% 17.9% 22.9% 4.5% 31.0%

CI: cochlear implantation, HA: Hearing Aid.
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Appendix J. AdViSHE Checklist for Model Development
and Validation.

AdViSHE

Assessment of the Validation Status of Health-Economic decision models

AdViSHE is a questionnaire that modellers can complete to report on the efforts performed to
improve the validation status of their health-economic (HE) decision model. It is not intended to
replace validation by model users but rather to inform the direction of validation efforts and to
provide a baseline for replication of the results. In addition to using it after a model is finished,
the modellers can use AdViSHE to guide validation efforts during the modelling process.
The modellers are asked to comment on the validation efforts performed while building the
underlying HE decision model and afterwards. Many of the questions simply refer to the model
documentation. AdViSHE is divided into five parts, each covering an aspect of validation:
- Part A: Validation of the conceptual model (2 questions)

- Part B: Input data validation (2 questions)

- Part C: Validation of the computerized model (4 questions)
- Part D: Operational validation (4 questions)

- Part E: Other validation techniques (1 question)

No final validation score is calculated, as the assessment of the answers and the overall validation
effort is left to the model users. It is assumed that the model has been built according to
prevailing modelling and reporting guidelines. For instance, the model builders would
presumably adhere to the ISPOR-SMDM*' Modeling Good Research Practices (Caro et al., 2010)
and/or CHEERSt Statement (Husereau et al., 2013). Some questions may not be applicable to a
particular model. If this is the case, the model builder should take the opt-out option and provide
a justification of why this item is not deemed applicable.

Part A: Validation of the conceptual model (2 questions)

Part A discusses techniques for validating the conceptual model. A conceptual model describes
the underlying system (e.g., progression of disease) using a mathematical, logical, verbal, or
graphical representation. Please indicate where the conceptual model and its underlying
assumptions are described
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Al/ Face validity testing (conceptual model): Have experts been asked to judge the appropriateness of the
conceptual model?

If yes, please provide information on the following aspects:

= Who are these experts?

= What is your justification for considering them experts?

- To what extent do they agree that the conceptual model is appropriate?

If no, please indicate why not.

The conceptual model was developed in conjunction with co-authors and other hearing healthcare experts on the Lancet Commission on
Hearing Loss.

Aspects to judge include: appropriateness to represent the underlying clinical process/disease (disease stages, physiological processes,
etc.); and appropriateness for economic evaluation (comparators, perspective, costs covered, etc.).

A2/ Cross validity testing (conceptual model): Has this model been compared to other conceptual models
found in the literature or clinical textbooks?

If yes, please indicate where this comparison is reported.

If no, please indicate why not.
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Part B: Input data validation (2 questions)
Part B discusses techniques to validate the data serving as input in the model. These techniques are applicable to
all types of models commonly used in HE modelling.
Please indicate where the description and justification of the following aspects are given:
- search strategy;
- data sources, including descriptive statistics;
- reasons for inclusion of these data sources:;
- reasons for exclusion of other available data sources;
- assumptions that have been made to assign values to parameters for which no data was available;
= distributions and parameters to represent uncertainty;
- data adjustments: mathematical transformations (e.g., logarithms, squares); treatment of outliers; treatment of missing data; data
synthesis (indirect treatment comparison, network meta-analysis); calibration; etc.

[ e performed targeted literature review to identify data informing model inputs and cite the literature incorporated into DeciBHAL-US |
throughout the Methods section. We reviewed our literature choices with hearing health experts on the Lancet Commission.

B1/ Face validity testing (input data): Have experts been asked to judge the appropriateness of the input data?
If yes, please provide information on the following aspects:

= Who are these experts?

= What is your justification for considering them experts?

= To what extent do they agree that appropriate data has been used?

If no, please indicate why not,
We reviewed and refined our input data through recurrent video conferences with co-authors. We presented key components of our
analysis to the Lancet Commission on Hearing Loss.

Aspects to judge may include but are not limited to: potential for bias; generalizability to the target population; availability of alternative
data sources; any adjustments made to the data.

B2/ Model fit testing: When input parameters are based on regression models, have statistical tests been
performed?
If yes, please indicate where the description, the justification and the outcomes of these tests are reported.

If no, please indicate why not.

NiA

Examples of regression models include but are not limited to: disease progression based on survival curves; risk profiles using regression

analysis on a cohort; local cost estimates based on multi-level models: meta-regression; quality-of-life weights estimated using discrete

choice analysis; mapping of disease-specific quality-of-life weights to utility values.

Examples of tests include but are not limited to: comparing model fit parameters (R2, Akaike information criterion (AIC), Bayesian

information criterion (BIC)); comparing alternative model specifications (covariates, distributional assumptions); comparing alternative

distributions for survival curves (Weibull, lognormal, logit); testing the numerical stability of the outcomes (sufficient number of
4 (= b aelCS i\ U ) . Sl b

0od nd/'o gression residug
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Part C: Validation of the computerized model (4 questions)

Part C discusses various techniques for validating the model as it is implemented in a software program. If there
are any differences between the conceptual model (Part A) and the final computerized model, please indicate
where these differences are reported and justified.

NiA

C1/ External review: Has the computerized model been examined by modelling experts?
If yes, please provide information on the following aspects:

= Who are these experts?

= What is your justification for considering them experts?

= Can these experts be qualified as independent?

= Please indicate where the results of this review are reported, including a discussion of any unresolved issues.
It | indicate w "

The computer model was examined by co-author experts in decision modelling: Evan R. Myers, Moh, I M. Diab, Osondu Ogbuoyji,
and Gillian D. Sanders Schmidler. These reviewers reviewed the model code to ensure it mapped to our conceptual model and to ensure
we adequately doc ted model il They also reviewed the model for visible "bugs. "

Aspects to judge may include but are not limited to: absence of apparent bugs; logical code structure optimized for speed and accuracy;
appropriate translation of the conceptual model.

C2/ Extreme value testing: Has the model been run for specific, extreme sets of parameter values in order to

detect any coding errors?
If yes, please indicate where these tests and their outcomes are reported.

|_Ifno, please indicate why not,

We performed extreme value testing and present those results in Appendix 6.

Examples include but are not limited to: zero and extremely high (background) mortality; extremely beneficial, extremely detrimental, or
no treatment effect; zero or extremely high treatment or healthcare costs.

C3/ Testing of traces: Have patients been tracked through the model to determine whether its logic is correct?
If yes, please indicate where these tests and their outcomes are reported.

|_Ifno, please indicate why not

We examined several patient traces to ensure the mode logic is correct and present sample patient traces in Appendix 7.

In cohort models, this would involve listing the number of patients in each disease stage at one, several, or all time points (e.g., Markov
traces). In individual patient simulation models, this would involve following several patients throughout their natural disease

progression.

C4/ Unit testing: Have individual sub-modules of the computerized model been tested?
If yes, please provide information on the following aspects:

= Was a protocol that describes the tests, criteria, and acceptance norms defined beforehand?

= Please indicate where these tests and their outcomes are reported.

|_Ifno, please indicate why not,
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NiA

Examples include but are not limited to: turning sub-modules of the program on and off: altering global p ters; testing ges (e.8.,
warning against illegal or illogical inputs), drop-down menus, named areas, switches, labelling, formulas and macros; removing redundant

Part D: Operational validation (4 questions)

Part D discusses techniques used to validate the model outcomes.

D1/ Face validity testing (model outcomes): Have experts been asked to judge the appropriateness of the
model outcomes?

If yes, please provide information on the following aspects:

= Who are these experts?

= What is your justification for considering them experts?

= To what extent did they conclude that the model outcomes are reasonable?

If no, please indicate why not.

We reviewed the model-projected outcomes with hearing health expert co-authors and C jssi on the Lancet Commission for
Jace validity. When model outcomes were not consi: with expert opinion, we reviewed input data affecting those outcomes and re-
performed targeted literature reviews when necessary to better inform those input parameters. We also highlight input parameters and

|_oufcomes that are the most wncerfain in the Discussion,

Outcomes may include but are not limited to: (quality-adjusted) life years: deaths; hospitalizations; total costs.

D2/ Cross validation testing (model outcomes): Have the model outcomes been compared to the outcomes
of other models that address similar problems?

If yes, please provide information on the following aspects:

= Are these comparisons based on published outcomes only, or did you have access to the altemative model?

= Can the differences in outcomes between your model and other models be explained?

= Please indicate where this comparison is reported, including a discussion of the comparability with your model.

If no, please indicate why not.

Of the two hearing loss models that considered multiple interventions across the lifespan identified by our previous systematic review of
model-based cost-effectiveness analyses of hearing healthcare, the results were reported in low- and middle-income countries and are
not directly comparable to our current modelling efforts.

Other models may include models that describe the same disease, the same intervention, and/or the same population.
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D3/ Validation against outcomes using alternative input data: Have the model outcomes been compared to
the outcomes obtained when using alternative input data?
If yes, please indicate where these tests and their outcomes are reported.

If no, please indicate why not.

We indicate in the Methods, Results, and Discussion that outcomes in the model are dependent on several parameters, and our calibration
efforts might adjust alternative parameters to achieve adequate fit. In the Discussion, we suggest that future efforts should target these
parameters as potential sensitivity analyses to understand the impact of different parameters on uchie\mg similar model-outcomes.

Alternative input data can be obtained by using different Ii sources or d but can also be constructed by splitting the original
data set in two parts, and using one part to calculate the model outcomes and the other part to validate against.

D4/ Validation against empirical data: Have the model outcomes been compared to empirical data?
If yes, please provide information on the following aspects:

= Are these comparisons based on summary statistics, or patient-level datasets?

- Have you been able to explain any difference between the model outcomes and empirical data?

= Please indicate where this comparison is reported.

If no, please indicate why not.

D4.A/ Comparison against the data sources on which the model is based (dependent validation).

We performed dependent or internal validation as described in the Methods and Results. All comparisons were from published data, not
at the patient-level. When differences arose between model outcomes and empirical data we performed calibration exercises as described
in the Methods and Results.

D4.B/ Comparison against a data source that was not used to build the model (independent validation).

7. 7.

_Wyperfamled' P external validati

blished esti as described in the Methods and Results.

fop

Part E: Other validation techniques (1 question)

E1/ Other validation techniques: Have any other validation techniques been performed?
If yes, indicate where the application and outcomes are reported, or else provide a short summary here.

We held a structured “walk-through” session with several co-authors and a (:Ioba[ Health Modelhng course at Duke University where
we reviewed the implementation of the conceptual model and ensured we adequately doc { model

Examples of other validation techniques: structured “walk-throughs™ (guiding others through the conceptual model or computerized

program step-by-step); naive benchmarking (“back-of-the-envelope™ calculations); heterogeneity tests; double programming (two model

developers program components independently and/or the model is programmed in two different software packages to determine if the
|_same results are obtained)

146



Appendix K. Etiology Framework of Hearing Loss.

Table K.1: Etiology framework of hearing loss.

PRENATAL

Etiologies included

Infectious

Rubella

Syphilis

Toxoplasmosis

HIV

Infection Zika

Lymphocytic choriomeningitis virus

Environmental

Iodine Deficiency
Ototoxicity

Congenital causes including Genetic
Causes, family history

Usher syndrome

Alport syndrome

Branchio oto renal syndrome
Waardenburg syndrome

Pendred syndrome

Stickler syndrome

Treacher Collins syndrome

Chiari syndrome

Jervell and Lange-Nielsen syndrome
Aural atresia and microtia

PERINATAL OR NEONATAL

Preterm birth, low birth weight

Birth Trauma, hypoxia

Severe jaundice

Herpes simplex infection

Infectious Cytomegalovirus infection
Ototoxicity

Environmental Exposure to excessive, prolonged
incubator sound

CHILDHOOD

Conductive HL Cholesteatoma
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Impacted cerumen

Otitis externa

Foreign bodies

Acute or chronic otitis media

Measles, mumps

Cerebral malaria

Meningitis

Borrelia burgdorferi
Infectious (without OM/OME) Epstein-Barr virus

Haemophilus influenzae

Non-polio enteroviruses

Streptococcus pneumoniae

Varicella zoster virus

Ototoxicity -

ADULTHOOD

Presbycusis

Ototoxicity
Smoking
. Work-related ototoxic chemicals
Environmental .. C
Nutritional deficiencies
Exposure to excessive and/or

prolonged sound

Encephalitis, meningitis
Herpes simplex 1
Herpes simplex 2
HIV
Lassa virus

Infectious (without OM/OME) Ebola
Ramsay Hunt syndrome/varicella
zoster/shingles
West Nile Virus
Otosyphilis
CMV

Temporal bone trauma

Trauma .
Penetrating trauma
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Barotrauma
Tympanic membrane perforation

Neoplasm

Acoustic neuroma/vestibular
carcinoma

Meningioma

Osteoma

Squamous cell carcinoma

Meniere's disease

Metabolic abnormalities

Diabetic vasculopathy
Anemia or white blood cell dyscrasia
Thyrotoxicosis

Conductive HL

Otosclerosis

Exostosis

Cholesteatoma

Cerumen impaction

Acute or chronic otitis media

Autoimmune disorders

Systemic Lupus Erythematosus
Rheumatoid Arthritis
Antiphospholipid syndrome
Polyarteritis nodosa
Wegener’s granulomatosis
Susac syndrome

Sarcoidosis

Cogan syndrome

Behcet’s syndrome

Sjogren’s syndrome
Multiple Sclerosis

Psoriasis

Cerebrovascular disease
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Appendix L. Derivation of Sensorineural Hearing Loss
Incidence.

We derived the incidence of bilateral sensorineural hearing loss from NHANES
prevalence estimates.* Using prevalence estimates of air conduction hearing loss
estimates in the better ear from NHANES, we first estimated the age-specific proportion
of total hearing loss that was predominately conductive using estimates on the
proportion of total pediatric and adult hearing loss that is predominately
conductive.’®>18 We then removed this proportion of hearing loss from total hearing loss
to ascertain age-specific prevalence estimates of bilateral sensorineural hearing loss. To
calculate male- and female-specific prevalence values at each decile, we incorporated
age-specific risk ratios for hearing loss for males compared to females (range=1.21-

3.21).1% We applied similar calculations to 95% confidence intervals.
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Appendix M. Decision Nodes for Otitis Media with
Effusion Treatment.

Treatment success

receive treatment Enter prob
Enter prob Treatment failure, pPOME

OME=3 months Enter prob

No Hearing loss

rAOM, pOME

Resolution

no treatment Enter prob
Enter prob Persistence >1 year

Enter prob

0
No Hearing loss

A A A A

rAOM, pOME

Figure M.1: Decision nodes for otitis media with effusion treatment.

Legend: This Figure shows the decision model framework for treatment/persistence of
otitis media with effusion (OME) that lasts for greater than or equal to three months. Persons
experiencing OME>3 months may receive treatment (including tympanostomy tubes) with
subsequent success and resolution of OME of persistence of their OME (pOME). Persons that do
not receive treatment may experience spontaneous resolution prior to 1 year, or persistence of

their OME for >1 year.
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Appendix N. Hearing Healthcare Cascade of Care.

Hearing loss,

No hearing |
© hearng foss undiagnosed

Diagnosed with On treatment

hearing loss

« Referral to * Mild, on tx

» Prenatal « Mild

. appropriate * Mod, on tx
. Permatal * Moderate cgfe P » Severe, on
« Child . Severe L8

o Adult

Prevention Screening Linkage to care

Figure N.1: Decision nodes for otitis media with effusion treatment.

Legend: This figure represents the framework of the hearing healthcare cascade of care that was used to develop
DeciBHAL-US. While only hearing aid uptake prompts a transition to another health states, the intermediary steps of diagnosis
and linkage to care may be incorporated in input data or in considering simulation of interventions targeting specific steps in the

cascade of care.



Appendix O. Internal Validation Extreme Value Testing.

Table O.1: Internal validation extreme value testing,.

Model-projected
Extreme value imputed Expected result
result consistent
Probability of SNHL to 0 No hearing loss at any
X
age
Probability of SNHL to 1 Hearing loss
immediately, and for X
duration of the simulation
Probability of AOM to 0 No AOM cumulative
X
incidence
Probability of AOM to 1 AOM cumulative
incidence equivalent to X
person-time survived
Probability of recurrent AOM to No recurrent AOM or
0; Probability of OME resolution | persistent OME patients; X
prior to 1 year to 1 No CSOM patients
SNHL PTA decline to 0 dB All patients with HL have
X
a PTA of 25 dB
SNHL PTA decline to 120 dB All patients with HL have
X
a PTA of 120 dB
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Probability of CHL after CSOM

to 0 and probability of non- No CHL
CSOM-associated CHL to 0
Probability of HA uptake to 0 No HA use for people

with hearing loss

Probability of HA uptake to 1
and probability of HA

discontinuation to 0

Immediate and persistent
HA use for people with

hearing loss

Probability of HA

discontinuation to 0

No HA discontinuation

Probability of CI implantation to

0

No CI implantation

Probability of CI implantation to

1 and CI discontinuation to 0

Immediate and persistent
CI implantation health
state for persons with

severet+ SNHL
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Appendix P. Internal Validation Exemplar Annotated
Patient Trace Files.

Patient 1
This patient acquired bilateral sensorineural hearing loss at age 65, received a
hearing aid at age 70, and discontinued the hearing aid after 1 year of use:

Patient 1 had a 2.33% probability of acquiring sensorineural hearing loss given their
current age of 65 years, and sex (where 1=male), and they acquired SNHL. People with
SNHL start with a PTA of 25 dB.

probability / Acquire SNHL / thread 0/ _strategy 1/ _trial 1/ _stage 65
tSNHL _Inc[tr_age_current;Sex]

tr_age_current = 65

Sex = dSex_US

dsex_us=1

Sex=1

tsnhl_inc[] = 0.023338007
tSNHL _Inc[tr_age_current;Sex] = 0.023338007
Probability (Node196) = 0.023338007

random walk to / Acquire SNHL / Rand(0,1) = 0.9833423744382668

tracker modification / Acquire SNHL / thread 0 / _strategy 1/ _trial 1/ _stage 65
1

1=1.0

Ttr_snhl=1

tracker modification / Acquire SNHL / thread 0 / _strategy 1/ _trial 1/ _stage 65
25

25=25.0

T tr_hldb =25

Each year after acquiring SNHL, Patient 1 experiences yearly decline in his PTA that
was drawn from a defined distribution at model initiation (0.68 in this circumstance). In
the year after Patient 1 acquired SNHL, they had a decline in PTA from 25 dB to 26 dB.

tracker modification / SNHL only, no tx / thread 0 / _strategy 1/ _trial 1/ _stage 66
if(tr_SNHL>0 & tr_HLDb<120;tr_HLDDb + tSNHLDeclineMult[tr_age_current]*dSNHLDbDecline;tr_HLDb)
tr_snhl=1
tr_hldb =25
tr_hldb =25
tr_age_current = 65
tsnhldeclinemult[] = 1.6
dsnhldbdecline = 0.6823552455646356
if(tr_SNHL>0 & tr_HLDb<120;tr_HLDb + tSNHLDeclineMult[tr_age_current]*dSNHLDbDecline;tr_ HLDb) =
26.09176839290342
(T) tr_hldb = 26.091768393

155



At age 70 years, Patient 1 draws a probability to receive a hearing aid, based on his PTA
in dB (30.46) and his age (70 years), this probability was 0.56%.

probability / Receive HA / thread 0/ _strategy 1/ _trial 1/ _stage 70
t_HAUptake[tr_age_current; if(tr_HLDb>=40;2;1)]

tr_age_current =70

tr_hldb = 30.45884196451709

t_hauptake[] = 0.005562969500000001
t_HAUptake[tr_age_current; if(tr_HLDb>=40;2;1)] = 0.005562969500000001
Probability (Nodel5) = 0.005562969500000001

At age 71 years, Patient 1 discontinued hearing aid use. The probability for
discontinuing hearing aids acquisition is based on time since acquisition, and in this
circumstance was a 9.5% probability

probability / D/c HA / thread 0 / _strategy 1/ _trial 1/ _stage 71
pHAdiscontinue
pHAdiscontinue = t_HA_discontinuation[tr_HAuse]
tr_hause =2
t_ha_discontinuation[] = 0.094689436
pHAdiscontinue = 0.094689436
pHAdiscontinue = 0.094689436
Probability (Node29) = 0.094689436

Patient 2
This patient acquired bilateral sensorineural hearing loss at age 65, received a
hearing aid at age 70, and discontinued the hearing aid after 1 year of use.

Age at 2 years, this patient acquired acute otitis media, based on their age the probability
was 8.68%. The model tracks the cumulative incidence of AOM for each patient, and in
this case, it increases to 1. After acute otitis media, this patient experienced the 17%
probability of recurrent otitis media for age 3 years.

probability / AOM / thread 0/ _strategy 1/ _trial 1/ _stage 2
tAOM_Inc[tr_age_current]
tr_age_current =2
taom_inc[] = 0.0868
tAOM_Inc[tr_age_current] = 0.0868
Probability (Node192) = 0.0868

tracker modification / AOM / thread 0/ _strategy 1/ _trial 1/ _stage 2
tr_ AOMcuminc + 1
tr_aomcuminc =0
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tr_ AOMcuminc+1=1.0
(T) tr_aomcuminc =1

probability / rAOM / thread 0/ _strategy 1/ _trial 1/ _stage 2
prAOMgivenAOM
prAOMgivenAOM =0.17
prAOMgivenAOM =0.17
Probability (Node281) =0.17

random walk to / rAOM / Rand(0,1) = 0.9422767958469402

Patient 2 had resolution of their recurrent AOM at age 3, without any progression to
CSOM or consequence to their hearing.

probability / Resolution / thread 0 / _strategy 1/ _trial 1/ _stage 3
prAOMpOMEresolution
prAOMpOMEresolution = 1/2
prAOMpOMEresolution = 0.5
prAOMpOMEresolution = 0.5
Probability (Node90) = 0.5

probability / Progression to CSOM / thread 0/ _strategy 1/ _trial 1 / _stage 3
Probability (Node380)

probability / Progression to CSOM / thread 0/ _strategy 1/ _trial 1 / _stage 3
tCSOM_Inc_Given_rAOMpOME][tr_age_current]

tr_age_current =3

tcsom_inc_given_raompome][] = 0.028909247
tCSOM_Inc_Given_rAOMpOME]tr_age_current] = 0.028909247
Probability (Node380) = 0.028909247

random walk to / Resolution / Rand(0,1) = 0.9119135928135164

Patient 2 had no more cases of AOM or recurrent AOM until age 50 years, where they
again had AOM and recurrent AOM.

probability / AOM / thread 0/ _strategy 1/ _trial 1/ _stage 51
tAOM_Inc[tr_age_current]
tr_age_current =51
taom_inc[] = 0.00988
tAOM_Inc[tr_age_current] = 0.00988
Probability (Node192) = 0.00988

random walk to / AOM / Rand(0,1) = 0.9942937355940914

tracker modification / AOM / thread 0/ _strategy 1/ _trial 1/ _stage 51
tr_ AOMcuminc + 1
tr_aomcuminc =1
tr_AOMcuminc +1=2.0
(T) tr_aomcuminc =2
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random walk to / rAOM / Rand(0,1) = 0.8375318043021326

Patient 2 experienced resolution of their recurrent AOM at age 52 years, without any
progression to CSOM or consequence to their hearing.

probability / Resolution / thread 0 / _strategy 1/ _trial 1/ _stage 52
prAOMpOMEresolution
prAOMpOMEresolution = 1/2
prAOMpOMEresolution = 0.5
prAOMpOMEresolution = 0.5
Probability (Node90) = 0.5

probability / Progression to CSOM / thread 0/ _strategy 1/ _trial 1/ _stage 52
Probability (Node380)

probability / Progression to CSOM / thread 0/ _strategy 1/ _trial 1/ _stage 52
tCSOM_Inc_Given_rAOMpOME][tr_age_current]

tr_age_current = 52

tcsom_inc_given_raompome][] = 0.425697777
tCSOM_Inc_Given_rAOMpOME]tr_age_current] = 0.425697777
Probability (Node380) = 0.425697777

probability / Die / thread 0/ _strategy 1/ _trial 1/ _stage 52
Probability (Node120)

probability / Die / thread 0/ _strategy 1/ _trial 1/ _stage 52
tMort[tr_age_current;Sex]

tr_age_current = 52

Sex = dSex_US

dsex_us=2

Sex =2

tmort[] = 0.003711457
tMort[tr_age_current;Sex] = 0.003711457
Probability (Node120) = 0.003711457

random walk to / Resolution / Rand(0,1) = 0.5166516300562424

Patient 2 then acquired SNHL at age 81.

probability / Acquire SNHL / thread 0/ _strategy 1/ _trial 1/ _stage 81
tSNHL _Inc[tr_age_current;Sex]

tr_age_current = 81

Sex = dSex_US

dsex_us=2

Sex =2

tsnhl_inc[] = 0.091680307
tSNHL _Inc[tr_age_current;Sex] = 0.091680307
Probability (Node196) = 0.091680307

random walk to / Acquire SNHL / Rand(0,1) = 0.9450825955590891
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Appendix Q. Sensitivity Analysis on Select Model Input
Parameters for the Model Development and Validation
Efforts.

We ran deterministic sensitivity analysis on three model parameters: 1) age-
related sensorineural hearing loss progression, 2) the calibrated hearing aid uptake
multiplier, and 3) hearing aid discontinuation rates. We based the low and high values
for age-related sensorineural hearing loss progression and hearing aid discontinuation

on published 95% confidence intervals.

Age-related sensorineural hearing loss progression

We varied the mean decline in dB from a basecase value of 1.05 down to 0.95 and
up to 1.15. When the value was varied to 0.95 dB/year, the CV-RMSE of the mode-
projected population average hearing level compared to the Baltimore Longitudinal
Study on Aging improved to 7.8%. When the value was 1.15 dB/year, the CV-RMSE

worsened to 14.0%.

Hearing aid uptake multiplier
When we removed the calibrated delay to diagnosis factor (multiplier from 0.6 to
1.0), the CV-RMSE for the comparison of model-projected hearing aid prevalence

worsened to 26.9%. See the below Table for the age-stratified results.
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Hearing aid discontinuation rates

We varied the hearing aid discontinuation rates based on published 95%

confidence intervals, ranging the mean discontinuation rate from 4.9% to 6.8%. Model-

projected prevalence of hearing aid use at each decile remained in the NHANES 95%

confidence intervals across the range of hearing aid discontinuation (see Table below).

Table Q.1: Hearing aid use prevalence under varying uptake and
discontinuation assumptions.

Hearing Aid Use Prevalence, % of persons with hearing loss
Model
Outcome, | Model Outcome, Oll\l/fc(c)(()irerie Oll\l/fc(c)(()irerie NHANES,
Age | Uptake Uptake . . . . % (95%
1 1 Discontinuati | Discontinuati
multiplier | multiplier=1.0, % CI)
on to 4.9% on to 6.8%
=0.6, %
55 3.8 5.8 4.3 5.1 4.3 (0-8.8)
7.3 (3.6-
65 7.8 10.0 7.0 7.4 10.9)
17.0 (12.4-
75 14.7 19.3 14.4 12.8 21.6)
22.1 (18.5-
85 21.0 29.9 22.6 19.4 25.8)
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Appendix R. The Model-Projected Age-Specific
Proportion of Children Using Hearing Aids.
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Figure R.1: The model-projected age-specific proportion of children
using hearing aids.
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Appendix S. Prevalence of Persistent Otitis Media with
Effusion by Age.
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Figure S.1: The prevalence of persistent otitis media with effusion by
age.
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Appendix T. Expanded Budget Impact Analysis Methods.

To estimate the 5-year budget impact of adult hearing screening implementation
in the US, we first ran DeciBHAL-US in the current pace strategy from ages 40-100 years.
Every 5 years, we collected the number of persons in each of 3 model health states: 1)
sensorineural hearing loss, SNHL, without treatment; 2) SNHL with HA; and 3) SNHL
with CI. We also collected the mean hearing loss severity in dB HL, and the standard
deviation around that severity for each age and health state combination. These number
of people in each health state and their severity predicted by DeciBHAL served as the
inputs for the budget impact analysis.

To perform the budget impact analysis, we simulated 59 cohorts of
persons aged 40-99 years over 5 years. We then scaled the model-projected
undiscounted cost estimates by category to the United States population using age-
specific US Census population estimates.?* We report the average annual cost for the

entire US population over that 5 year period.
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Appendix U. Efficiency Frontier for the Cost-
Effectiveness Analysis.
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Figure U.1: Efficiency frontier for the cost-effectiveness analysis.

Legend: This efficiency frontier shows the per-person quality-adjusted life-years
(QALYs) on the y-axis and per-person costs on the x-axis for each simulated strategy. No
hearing screening in indicated by an X, 5-yearly screening schedules are in orange, and
yearly screening schedules are in blue. The age at hearing screening initiation is shown
by the shape of the marker, with a 45-year-old age of initiation indicated with a circle, 55
with a square, 65 with a diamond, and 75 with a triangle. Non-dominated strategies fall
on the efficiency frontier (grey line) and the slope of the frontier is equivalent to the
incremental cost-effectiveness ratio (ICER) of the next most effective non-dominated

strategy.
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Appendix V. Expanded Budget Impact Analysis Results.

The projected average annual costs for hearing aid purchasing (uptake) and
maintenance (including batteries and device replacement) in the current detection
strategy and under base-case costs were $9.2B. This estimate is higher than a previously
published hearing aid market value of $6.5B in 2015.2%° This difference is likely due to
our conservative cost assumptions of $3,890 for hearing aid device purchases compared
to $3,515 in the published estimate, as well as our assumption of hearing aid
replacement every four years. When we used similar device costs and assumed a more
relaxed device replacement frequency of 6 years, our estimate for annual hearing aid
uptake and maintenance costs were $7.2B, which was in line with the published hearing
aid market estimate. We maintained the more conservative estimates of hearing aid cost
and replacement frequency in cost-effectiveness analysis, but varied the cost of the

hearing aid device in sensitivity analysis.
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Appendix W. Expanded Figure Legends.

Figure 1: Literature Flow Diagram
Figure 1 diagrams the flow of studies from search identification to eventual
inclusion or exclusion. CEA: cost-effectiveness analysis, PRISMA: preferred reporting

items for systematic review and meta-analyses.

Figures 2 and 3: Quality of Included Studies

Figures 2 and 3 illustrate the quality score components assigned to individual
studies (listed in each row). Score components are in each column, and the number of
points (pts.) assigned for that component is noted in first row. Blue shading indicates
that full score was given to the indicated component, while white shading indicates a
score of zero for that component. Total quality score, aggregated across the weighted

components, are listed in the right-most column.

Figure 4: Sensorineural hearing loss health state diagram

This figure shows a schematic of the microsimulation model, where each circle
represents a distinct health state. The arrows between health states, or returning to the
health state, represent transition probabilities informed by the literature as described in
the Methods. This Figure only shows the health states for untreated and treated

sensorineural hearing loss, stratified by severity. Simulated persons experience yearly
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probabilities of acquiring sensorineural hearing loss, worsening of existing hearing loss,
and uptake or discontinuation of hearing loss treatment. An absorbing health state,
death, is not shown.

CI: cochlear implant, HA: hearing aid, SNHL: sensorineural hearing loss, tx: treatment.

Figure 5: Conductive hearing loss health state diagram

This health state transition diagram shows a schematic of the microsimulation
model, where each circle represents a distinct health state and arrows represent
transition probabilities. This figure illustrates the health states related to otitis media and
conductive hearing loss in the simulation model. Simulated persons experience yearly
probabilities of at least one episode of acute otitis media (AOM) and otitis media with
effusion (OME) >3 months in the No HL state. A proportion of these patients might
transition to the recurrent acute otitis media and persistent otitis media with effusion
health state (rAOM, pOME). Patients with recurrent acute otitis media or persistent otitis
media with effusion have a yearly probability of acquiring chronic suppurative otitis
media (CSOM). After CSOM resolution (average of 3 years), simulated persons may
resolve with no permanent conductive hearing loss, or transition to permanent
conductive hearing loss. Non-otitis-media-related causes of conductive hearing loss are
modeled in aggregate. All patients with conductive hearing loss have the potential to

acquire sensorineural hearing loss each year. We assume that, once acquired, conductive
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and sensorineural hearing loss persist for the remaining lifetime. For simplicity, treated
states and an absorbing health state, death, are not shown.

AOM: acute otitis media, CHL: conductive hearing loss, CSOM: chronic suppurative
otitis media, pOME: persistent otitis media with effusion, HL: hearing loss, rAOM:

recurrent acute otitis media, SNHL: sensorineural hearing loss.

Figure 6: Model projected bilateral sensorineural hearing loss severity compared to
the Baltimore Longitudinal Study on Aging

This figure shows model projected mean hearing loss (PTA in dB HL) across all
simulated persons (with and without hearing loss) compared to those reported by the
Baltimore Longitudinal Study on Aging. Age progresses on the x-axis from ages 30-90
years, with results shown at each decile. The blue points are model-represented means,
and the orange points are the published estimates from the Baltimore Longitudinal

Study on Aging. dB HL: decibel hearing level, PTA: pure tone average.

Figure 7: One-way sensitivity analysis on the cost-effectiveness of yearly screening
beginning at age 55 years.

Figure 7 is a tornado diagram illustrating the effects of variation of single
parameters (row) across their plausible range on the incremental cost-effectiveness ratio

(ICER) of yearly screening beginning at age 55. The y-axis crosses the x-axis at the
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basecase ICER of $96,900/QALY. Each sensitivity analysis is presented with a basecase
value; range explored, and the resulting ICERs from that range are plotted. The long-
dashed line represents the US willingness-to-pay threshold of $100,000/QALY, and the

short-dashed line indicates an ICER of $50,000/QALY.

Figure 8: Three-way sensitivity analysis on the cost-effectiveness of adult hearing
screening schedules in the United States.

Figure 8 shows the impact of varying hearing screening effectiveness, hearing aid
device cost, and hearing aid utility benefit on the incremental cost-effectiveness ratios
(ICERs) of screening schedules. Screening effectiveness was varied from 1.05-2.25 on the
x-axis, and hearing aid device cost was varied from $800-6,580 on the y-axis. Panel A
shows the base-case hearing aid utility benefit of +0.11 and panel B shows the results
assuming a hearing aid utility benefit of +0.01-0.07 (varying with severity, similar to that
assumed by the WHO and the Global Burden of Disease). Each combination of
parameters yields an ICER that is color coded, with red indicating that all screening
schedules had ICERs >$100,000/QALY, orange indicating that only yearly screening at
age 75 was below $100,000/QALY, yellow that yearly screening at age 65 was below
$100,000/QALY, green that yearly screening at age 55 was between $50-100,000/QALY,
and blue that yearly screening at age 55 was less than $50,000/QALY. The X marks the

base-case input combination of screening effectiveness and hearing aid device cost.
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Figure 9: Budget Impact Analysis

Figure 9 depicts the model-projected average annual outlays over the first five
years of the Current Detection and yearly screening beginning at age 55 years (55q1).
The height of the bars represents the total annual cost of CD and the 55q1 screening
schedule, with 2020 USD on the y axis. The components of the total cost are chronic
suppurative otitis media (CSOM) treatment (blue), hearing aid (HA) uptake (grey),
hearing aid maintenance (yellow), cochlear implant (CI) costs, and screening costs

(orange).

Figure 10. Cost-effectiveness acceptability curve

Figure 10 depicts the probability that each simulated screening schedule is the
optimal strategy (i.e., the non-dominated strategy with the highest effectiveness and
incremental cost-effectiveness ratio under the willingness to pay) on the y-axis, across
willingness to pay values ranging from $0-200,000/QALY on the x-axis. Current
detection is noted as the blue line, yearly screening beginning at age 45 years in red,

yearly screening beginning at age 55 years in green, yearly screening beginning at age 65
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years in purple, yearly screening beginning at age 75 years in teal, and 5-yearly

screening beginning at age 75 years in orange.
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