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A B S T R A C T

Background: Hearing loss is a common and costly medical condition. This systematic review sought to iden-
tify evidence gaps in published model-based economic analyses addressing hearing loss to inform model
development for an ongoing Lancet Commission.
Methods:We searched the published literature through 14 June 2020 and our inclusion criteria included deci-
sion model-based cost-effectiveness analyses that addressed diagnosis, treatment, or prevention of hearing
loss. Two investigators screened articles for inclusion at the title, abstract, and full-text levels. Data were
abstracted and the studies were assessed for the qualities of model structure, data assumptions, and report-
ing using a previously published quality scale.
Findings: Of 1437 articles identified by our search, 117 unique studies met the inclusion criteria. Most of these
model-based analyses were set in high-income countries (n = 96, 82%). The evaluated interventions were
hearing screening (n = 35, 30%), cochlear implantation (n = 34, 29%), hearing aid use (n = 28, 24%), vaccination
(n = 22, 19%), and other interventions (n = 29, 25%); some studies included multiple interventions. Eighty-six
studies reported the main outcome in quality-adjusted or disability-adjusted life-years, 24 of which derived
their own utility values. The majority of the studies used decision tree (n = 72, 62%) or Markov (n = 41, 35%)
models. Forty-one studies (35%) incorporated indirect economic effects. The median quality rating was 92/
100 (IQR:72�100).
Interpretation: The review identified a large body of literature exploring the economic efficiency of hearing
healthcare interventions. However, gaps in evidence remain in evaluation of hearing healthcare in low- and
middle-income countries, as well as in investigating interventions across the lifespan. Additionally, consider-
able uncertainty remains around productivity benefits of hearing healthcare interventions as well as utility
values for hearing-assisted health states. Future economic evaluations could address these limitations.
Funding: NCATS 3UL1-TR002553-03S3
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Hearing loss is the fourth leading cause of years lived with disability
worldwide, affecting nearly one in five people [1,2]. Severity of hearing
loss can range from mildly affecting communication to profoundly
affecting all aspects of daily life [3,4]. Furthermore, the estimated global
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Research in Context

Evidence before this study

This study was motivated by the Lancet Commission on Hearing
Loss, an international stakeholder group of hearing healthcare
clinicians, researchers, and patients convened by The Lancet. To
the Commission's knowledge, a prior systematic review of
model-based economic analyses across the lifespan and across
interventions in hearing healthcare does not exist. We searched
MEDLINE, EMBASE, Cochrane Library, and Global Index Medi-
cus for this systematic review. The search was performed on 14
June 2020. Inclusion criteria during screening were cost-effec-
tiveness analyses of hearing healthcare interventions that used
a decision model. Search terms were related to hearing loss,
cost-effectiveness, and full text articles.

Added value of this study

This study comprehensively identified and evaluated decision
model-based cost-effectiveness analyses in hearing healthcare.
Several evidence gaps were uncovered, including limited stud-
ies set in LMIC, lack of comparison across hearing healthcare
interventions and the lifespan, and input parameter uncertainty
for hearing loss utility values and indirect economic effects.

Implications of all the available evidence

The findings of this study have direct implications for health
and finance ministers, hearing healthcare clinicians, and ongo-
ing model-building efforts of the Lancet Commission on Hear-
ing Loss. The compilation of analyses and quality scores can aid
health policymakers and clinicians in identifying high-quality
evidence relevant to their population to guide decision making.
Future research and decision models in hearing healthcare
should address the evidence gaps uncovered by this systematic
review.
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yearly economic costs of unaddressed hearing loss for the health sector
alone exceed $100 billion [5]. Inclusion of lost productivity increases that
cost to $750�790 billion annually [5]. Appropriately, policymakers are
focusing attention on cost-effective interventions in hearing healthcare
to reduce this burden of disease [6,7].

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 oppor-
tunities in hearing healthcare [6]. The Commission identified cost-
effectiveness analysis as one element that could guide policymakers
in the careful allocation of scarce resources to prevent and treat hear-
ing loss. Decision models have long informed cost-effectiveness anal-
yses and have provided significant insight in the field of hearing
healthcare [8,9]. However, a systematic assessment of the decision
modeling methodologies and qualities that inform these analyses
across hearing loss interventions has yet to be performed. Under-
standing 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 hear-
ing loss; (2) identify evidence gaps; and (3) inform economic model-
ing for the Commission.

2. Methods

The methods for this systematic review followed the Preferred
Reporting Items for Systematic Review and Meta-Analyses (PRISMA)
guidelines (see Appendix 1) [10]. To define the research questions for
this review, we collaborated with the Lancet Commission on Hearing
Loss [6]. 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 subse-
quently 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 2 for a complete listing of the Commissioners
and their affiliations. This study was not registered with PROSPERO.

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 3). The searches were performed on 14 June 2020.

Prespecified inclusion criteria were 1) English-language, 2) origi-
nal 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 4 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 strat-
egy to incorporate into our screening process.

Articles were screened independently for inclusion at the abstract
and full text level by two reviewers. 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. 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. Data and extraction

Data were abstracted from articles included at the full text level.
All abstractions were vetted by a second investigator, with disagree-
ments settled by a third investigator. We used the Consolidated
Health Economic Evaluation Reporting Standards (CHEERS), a check-
list detailing essential components of a health economic evaluation
(see Appendix 5), and simulation modeling best-practice frameworks
to guide our data abstraction [11,12]. 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 6). Decision model types
abstracted included decision tree diagrams, Markov models (that
include a time component to the analysis), and other model types
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(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 corre-
sponded to potential risk of biased included statement of perspective
of analysis, model validation, methods of characterizing of uncer-
tainty, 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 inter-
ventions are reported in aggregate and without additional data col-
lection.

2.3. Quality assessment

One investigator read each identified paper and abstracted quality
indicators. A second investigator then independently read the
included paper and noted any disagreements. Disagreements not
resolved by consensus were settled by a third investigator's review.
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 [13,14]. 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 com-
parison of assessed interventions (see Appendix 7 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 [11,13]. This measure does not
assign qualitative indicators to numerical scores, so we report indi-
vidual 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 7, Fig. 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 [15]. When articles did not list the
currency source year (n = 22), we assigned the year of publication for
the adjustments.

2.5. Role of the funding source

The funder of the study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report. All
authors had full access to all the data in the study, had final responsi-
bility for the decision to submit for publication prior to submission,
and take full responsibility for the content of the article.

3. Results

3.1. Summary of included studies

Our search yielded 1437 unique articles, of which 117 unique
studies with decision models (Table 1, Batch 1) and 17 systematic
reviews[132-148] met the inclusion criteria (Fig. 1). Model-based
studies were predominately set in high-income countries (n = 96,
82%; Table 1, Batch 2), with fewer studies in low- and middle-income
countries (LMIC; n = 22, 19%; Table 1, Batch 3; Table 2). One study
was set in both a high- and low- and middle-income setting [47].
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 8 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 mod-
els (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 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 society in general, such as productivity bene-
fits or family and caregiver effects). Main cost-effectiveness findings
from each included study are reported in Appendix 9 and a summary
of funding sources for included studies are in Appendix 10.

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 3;
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 stud-
ies 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, [45] and
two adult screening analyses [94,102] projected a main clinical out-
come other than quality-adjusted life-years (QALYs) or disability-
adjusted life-years (DALYs), often choosing an intermediate outcome
such as number of cases identified. Forty percent of included screen-
ing studies across the lifespan evaluated across a time horizon of less
than 10 years (Table 1, Batch 23).

3.3. Studies evaluating cochlear implantation

Thirty-four identified analyses considered cochlear implantation
(CI) as a comparator intervention (Table 4; Table 1, Batch 24). Loca-
tions 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 [131]; and one in Africa [114]. 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 CI 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 per-
cent 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).



Table 1
Batched citations.

Batch Number Citations

1 [9,16-131]
2 [9,16-110]
3 [47,111-131]
4 [9,17-20,23,27,30-32,37,39,42-48,51,52,54,55,57,58,60,62,65,66,68,69,73-77,82-84,88,91,92,95,98,99,103,105,109,113,114,117,120-123,125,127-131]
5 [16,26,28,36,38,40,49,56,59,63,64,70-72,79,81,85,86,89,90,93,94,96,97,100-102,104,106,107,110,111]
6 [21,22,24,25,29,33-35,41,50,53,61,67,78,80,87,108,112,115,116,118,119,124,126]
7 [18,23,30,32,37,39,44,45,47,54,55,57,60,62,64,71,72,75,82,83,88,92,94,98,99,102,103,115-119,122,129,130]
8 [9,17,19,22,25-27,29,33-36,38,41,58,63,74,77-81,85,86,91,93,104,108,114,120,123,125,127,131]
9 [16,17,19,26-28,34,35,38,40,46,50,52,56,59,61,63,68-70,77,79,81,101,110,116,118,131]
10 [21,24,31,42,43,48,51,66,67,73,76,89,95-97,105,112,113,121,124,126,128]
11 [20,23,46,49,52,53,65,68,69,83,84,87,90,91,100-103,106,107,109-111,114-116,123,125,127]
12 [9,21-23,25,29,30,36-39,42,44-47,49-51,53,54,58,60,62,67-70,73,75,78,80-93,95,96,98-101,103-109,112,114,117,118,120-123,125-130]
13 [16-20,24,26-28,31-34,40,41,43,48,50,55-57,59,61,63-66,71,72,74,76,77,81,97,101,102,111,113,119,121,124]
14 [17,19,20,22,25-29,31,33-36,38,41,44,48-51,61,62,66,67,70,73,74,76-82,84-86,88,90,92-96,100-104,107,109-113,118-120,124,129]
15 [9,16,18,21,23,24,27,30,32,33,37,39,40,42,43,45,47,51,56,58-60,65,73,75,76,87,91,95-97,108,114-119,121-123,125-128,131]
16 [18,23,30,37,44,45,47,55,57,60,62,75,82,83,88,92,98,99,103,117,119,122,129,130]
17 [32,39,45,54,115,116,118]
18 [64,71,72,94,102,115,116,118]
19 [18,30,44,47,57,60,88,99,117,119,122,129,130]
20 [30,47,57,60,99,117,122,130]
21 [39,54,115,116]
22 [23,30,37,44,45,47,55,57,60,62,75,83,88,92,98,99,103,129]
23 [30,37,39,44,45,62,83,88,92,94,98,99,118,129]
24 [9,17,19,22,25-27,29,33-36,38,41,58,63,74,77-81,85,86,91,93,104,108,114,120,123,125,127,131]
25 [38,41,58,63,74,77-81]
26 [9,33-36,85,86,91,93,104,108,125,127]
27 [17,19,22,120,123]
28 [25-27,29]
29 [9,17,22,25-27,29,33-36,38,41,58,63,74,77-81,85,86,91,93,104,108,114,120,123,125,127,131]
30 [26,33,36,41,63,74,79,81]
31 [17,19,77,81]
32 [91,114,123,125,127]
33 [19,26,27,34,35,38,63,79,120,131]
34 [17,26,41,74,79]
35 [9,19,26,27,29,33,34,36,38,41,63,74,77,79-81,85,86,91,93,114,120,123,127]
36 [16,17,19,26,27,35,38,40,46,52,56,59,63,68-70,77,79,81,101,110,116,118,131]
37 [28,34,50,61,70]
38 [19,26,27,35,38,63,77,79,131]
39 [16,27,38,46,59,68,79,131]
40 [16,19,26,27,34,38,50,56,59,61,63,70,77,79,101,116]
41 [9,16-22,25-29,31-36,38-43,46,49-52,54,56,58,59,63-65,67-74,76-82,84-87,89,91,93,96,97,101,104,105,108,110,112,113,120,121,124,131]
42 [24,111,114-119,122,123,125,127,128,130]
43 [24,42,48,66,73,95]
44 [23,30,37,44,45,47,53,55,57,60-62,75,83,88,90,92,94,98-100,102,103,106,107,109,126,129]
45 [9,22,29,32,34-36,38,58,59,70,77,79-81,84-86,91,93,104,108,110,120]
46 [9,16,21,25,27,30,32,33,39,43,45,48,51,54,57-60,65,73,75,76,78,82,91,95-97,109,114,117-119,121-123,125-128,131]
47 [9,16,21,30,32,33,43,48,57,59,60,65,75,76,91,95-97,109,118,119,126,128,131]
48 [9,25,27,30,32,39,48,51,57,58,60,73,78,91,114,119,121-123,125,127,128,131]
49 [9,33,39,43,45,57,75,76,91,95,109,126,128]
50 [9,16,45,54,57,91,109,117,118,122,126]
51 [17,23,40,44,45,49,57,64,74,79,88,91,92,94,98-100,103,108-110,112,114,116-118,127,130,131]
52 [23,29,35,45,55,58,63,78,85,86,88,92,103-106,110,114,122,123,125-127,130,131]
53 [18,22,23,29,32,35,38,40,45,58,72,76,80,86,88,92-94,99,104,106-110,113,117,119,121,122,127,128,130]
54 [21-23,29,35,36,40,44,51,58,70,71,78,80,85,87,88,94,99,104,106,108-110,113,114,117,118,123,125-127,130,131]
55 [21-23,29,35,36,38,40,44,45,51,58,63,70,71,74,78-80,85-88,90,92,94,99-101,104,106-110,112-114,117-119,122,123,125-128,130,131]
56 [9,16-21,23-44,46-87,89-91,93-103,105,107,109,111-131,150]
57 [9,17-19,21,23-38,40-43,46-55,57-59,61,62,64-87,89-91,93-103,105,107,109,111-115,117-121,126-131]
58 [20,21,24,30,33,34,38,39,42,48,51,60,61,63,67,76,78,84,95,97-99,102,107,116,118,120,122,123,125,128]
59 [16-20,26-28,31-34,39,41,43,44,46,49,50,52,55,56,62,64,67-72,74,77,81,82,84,89,96,97,100-102,107,111,113,115,120,121,124,131]
60 [17,19,20,22,28,31,32,39,45,52,54,55,60,65,89,98,115]
61 [17,19,28,39,52,60,115]
62 [22,32,45,54,65,89,98]
63 [20,31,55]
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3.4. Studies evaluating hearing aids

Twenty-eight studies conducted cost-effectiveness analyses
that included hearing aids as an intervention (Table 5). Acoustic
(i.e. traditional) hearing aids were included in 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 them-
selves (Table 1, Batch 39). Costs for non-implantable hearing aid
device and fitting ranged from $40�7130, again varying by set-
ting (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).



Fig. 1. Literature Flow Diagram.
Fig. 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.

Table 2
Characteristics of included studies.

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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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 out-
come 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 (Tables 4-5). Of the 86 studies that reported QALYs
or DALYs, 24 derived their own utility values to calculate these health
outcomes (Table 1, Batch 45).

3.6. Indirect economic costs

Untreated hearing loss has significant effects on labor force partic-
ipation and educational attainment, and economic analyses may take
such costs into account [149]. 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).

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 (SD)=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 com-
pare each studied intervention's costs and benefits to the next most
effective intervention after eliminating dominated options. Interven-
tions are considered dominated if they are more costly but less effec-
tive than an alternative (strong dominance), or when a combination
of two interventions is better than a third intervention (weak or
extended dominance); n = 29, 25%; Table 1, Batch 51), absence of
statement of perspective of analysis (i.e., healthcare payer perspec-
tive, 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) (Fig. 2). Forty-nine studies (42%) had two or more
major methodologic or reporting deficits (Table 1, Batch 55). Please
see Appendix 11 for a breakdown of quality scores in each interven-
tion category.

3.8. Modeling methods

Almost all of the identified decision models used sensitivity analy-
sis to characterize uncertainty in their model-based results (n = 109,
93%; Table 1, Batch 56). The methods used included one-way deter-
ministic (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). Seven 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). The propor-
tion of studies that reported any validation efforts did not change
when only studies published since 2010 were evaluated.

4. Discussion

This systematic review identified a large body of literature that
explores the economic efficiency of interventions in hearing health-
care. 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



Table 3
Included studies evaluating hearing screening.

Reference Model
Type

Setting, Population, HL
Type

Screening
Strategies

Screening tests
included

Time Horizon,
Perspective

Main Outcome Main Cost-Effectiveness Findings* Quality Score

Neonatal Screening
Beswick et al. 2019 Decision Tree Australia/NZ, Children,

Unclear
A. Newborn CMV screening A. Salivary CMV PCR 18 years, Modified

Societal
Infants detected HA treatment cost $60.00/QALY gained com-

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

26

Chiou et al. 2017 Markov Asia, Children with
SNHL

A. No screening
B. Universal screening

A. TEOAE
B. AABR

Lifetime, Societal QALY At willingness to pay of $20,000, aABR had a
90% probability of being cost-effective
against TEOAE.

94

Heidari et al. 2017 Decision Tree Middle East, Children,
SNHL and CHL

A. Universal screening A. AABR
B. OAE
C. Clinical ABR

1 year, Payer Infants diagnosed Over 1 year, the AABR device cost $103,400 less
than the OAE device, and detected 800 more
cases than the OAE device.

87

Prusa et al. 2017 Decision Tree UK/Europe, Children,
Unclear

A. No screening
B. Bimonthly toxoplasmosis screening

A. Toxoplasma antibody
or PCR tests

B. Amniocentesis + PCR

Lifetime, Societal NA The model calculated total lifetime costs of
€103 per birth under prenatal screening as
carried out in Austria, saving €323 per birth
compared with No-Screening. Without
screening and treatment, lifetime societal
costs for all affected children would have
been €35 million per year.

100

Rivera et al. 2017 Markov Asia, Children, Unclear A. No screening
B. Universal Screening

A. OAE
B. ABR

Lifetime, Payer and
Societal

DALY Community-based universal newborn hearing
screening was found to be cost saving.

72

Wong et al. 2017 Decision Tree South America, Chil-
dren with b/l SNHL

A. Universal screening
B. Screening at the regional health

center (RHC)
C. Targeted screening
D. Screening at the RHC plus targeted

screening

A. OAE 10 years, Health System DALY OAE screening was cost-effective without treat-
ment (CER/GDP=0.06�2.00) and with treat-
ment (CER/GDP-0.58�2.52).

49

Gantt et al. 2016 Decision Tree United States, Children
with SNHL

A. No screening
B. Targeted cCMV screening
C. Universal cCMV screening

NA Lifetime, Payer CMV-related hearing
loss identified, CI
prevented

The cost of identifying 1 case of hearing loss due
to cCMV ranged from $27,460 - $90,038 for
universal screening, and $975 - $3916 for tar-
geted screening.

90

Vallejo-Torres
et al. 2015

Decision Tree UK/Europe, Children,
Unclear

A. No screening
B. Biotinidase deficiency screening

NA Lifetime, Payer QALY Newborn biotinidase deficiency screening was
CE at $24,677/QALY in Spain.

100

Williams et al.
2015

Decision Tree UK/Europe, Children
with SNHL

A. No screening
B. Targeted cCMV screening

cCMB salivary antigen
test

NR, Health System Case identified, CMV-
related SNHL
improved

The cost per case of cCMV-related SNHL identi-
fied was £668. The cost per case of cCMV-
related SNHL improved was £14,202.

93

Tobe et al. 2013 Decision Tree Asia, Children with
SNHL

A. No screening
B. Targeted screening
C. Universal screening

A. OAE
B. AABR

Lifetime, Modified
Societal

DALY OAE was the most cost-effective strategy at an
average cost-effectiveness ratio of I$13,100
(95% CI: 8400�17,200) per DALY averted.

72

Burke et al. 2012 Decision Tree Asia, UK/Europe Chil-
dren with SNHL

A. Targeted (high-risk) screening
B. Universal screening
C. One-stage screen
D. Two-stage screen

A. TEOAE
B. AABR

Lifetime, Health System
and Societal

Case detected Universal screening vs. selective screening had
an ICER per case detected of £36,181
($58,497), and INR 157,084 ($9863) for the
UK and India, respectively. One-stage vs.
two-stage universal screening had an ICER
per case detected of £120,972 ($195,586),
and INR 926,675 ($58,183) for the UK and
India, respectively.

100

Huang et al. 2012 Decision Tree Asia, Children with
SNHL

A. Targeted screening
B. Universal screening

NA Lifetime, Modified
Societal

DALY Targeted strategy tended to be cost-effective in
Guangxi, Jiangxi, Henan, Guangdong, Zhe-
jiang, Hebei, Shandong, and Beijing from the
level of 9%, 9%, 8%, 4%, 3%, 7%, 5%, and 2%,
respectively; while universal strategy
trended to be cost-effective in those provin-
ces from the level of 70%, 70%, 48%, 10%, 8%,
28%, 15%, 4%, respectively.

82

(continued on next page)
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Table 3 (Continued)

Reference Model
Type

Setting, Population, HL
Type

Screening
Strategies

Screening tests
included

Time Horizon,
Perspective

Main Outcome Main Cost-Effectiveness Findings* Quality Score

Brown, 1992 Decision Tree UK/Europe Children,
Unclear

A. No Screening
B. Conventional screening (1st screen

at 8�9 months by health visitor,
2nd screen at 10 months by medi-
cal officer)

C. Screening at 10 months only if clin-
ical indication/concern

NA NR, Modified Societal Other Cost per unit output:
- £20.57 for the conventional screening
- £11.23 for Alternative policy 1
- £11.23 for Alternative policy 2
- £11.13 for Alternative policy 3
- £11.27 for No screening

60

Adult Screening
Garcia et al. 2018 Markov United States Adults,

Unclear
A. No screening
B. Annual screening

NA 20 years, Payer Hearing loss avoided The ICER of a hearing conservation programwas
$10,657 per case of hearing loss prevented.

89

Linssen et al. 2015 Markov UK/Europe Adult, NR A. Age at first screening (50, 55, 60, 65,
or 70 years)

B. Number of repeated screenings (up
to five repetitions)

C. Time interval between repeated
screenings (5 or 10 years).

A. No screening
B. Telephone screening
C. Internet screening
D. Handheld device

(HearCheck)
E. Audiometric

screening

Lifetime, Health System QALY Incremental costs of the screening strategies
compared with no screening ranged from €4
to €59. Incremental QALYs ranged from
0.0003 to 0.0104. The ICERs of all the screen-
ing strategies compared with the current
practice were below €20,000/QALY gained.

94

Morris et al. 2013 Markov UK/Europe Adults with
b/l SNHL

A. One-stage audiometric screen
(60�70 y/o adults)

B. Two-stage screen (postal
questionnaire + audiometric)

C. GP Referral

NA Lifetime, Health System QALY The ICER of one-stage screening for 35 dB HL
from 60 years vs. GP referrals was £1461.
Two-stage screening was eliminated by
extended dominance.

100

Baltussen et al.
2012

Dynamic Africa, Asia, Children
and Adults with
Mixed HL

A. Passive Adult Screening
B. Adult Screening q5 years
C. Adult Screening q10 years

NA Lifetime, Modified
Societal

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

100

Liu et al. 2011 Other/Unclear United States Adults
with SNHL

NA A. No Screening
B. Tone-emitting oto-

scope
C. Self-administered

questionnaire
D. Otoscope +

questionnaire

1 year, Payer Probability of hearing
aid use after one year

The tone-emitting otoscope was the most cost-
effective strategy, with a significant increase
in hearing aid use 1 year after screening
(2.8%) and an ICER of $1439.00 per additional
hearing aid user compared with the control
group.

52

Morris 2011 Markov UK/Europe Adults,
Other NR

Twelve screening scenarios that vary
according to

1. age at first screen (55, 60 or 65
years),

2. target hearing loss (better ear aver-
age �30 dB HL or �35 dB HL) and

3. one- or two-stage screening
program

NA Lifetime, Health System QALY The ICER of screening compared to GP referral
service ranged from £1266 to £2185.

55

Baltussen et al.
2009

Dynamic Africa, Asia, Adults and
Children, Unclear

A. Passive screening
B. Primary School screening
C. Secondary school screening
D. Primary and secondary school

screening
E. Adult screening q5 years
F. Adult screening q10 years

Pure tone audiometry Lifetime, Societal DALY Findings showed that in both regions, screening
strategies for hearing impairment and deliv-
ery of hearing aids cost between I$1000/
DALY and I$1600/DALY, with passive screen-
ing being the most efficient intervention.
Active screening at schools and in the com-
munity 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 I$11 and I$59/DALY
in both regions. The treatment of meningitis
with ceftriaxone cost between I$55 and I
$217/DALY at low coverage levels, in both
regions.

94

Rob et al. 2009 Decision Tree Asia, Adults and Chil-
dren, Unclear

A. Active Screening and Fitting at Sec-
ondary Care Level

B. Passive Screening and Fitting at
Tertiary Care Level

NA 5 years, Payer and Mod-
ified Societal

DALY The cost per DALY averted was around Rs
42,200 (US$900) at secondary care level and
Rs 33,900 (US$720) at tertiary care level.

86

*Main Cost-Effectiveness findings cost-effectiveness ratios and costs are presented in the published currency and year.
Abbreviations: AABR � automated auditory brainstem response, ABR � auditory brain response, b/l: bilateral, AOAE � automatic otoacoustic emissions, cCMV � congenital cytomegalovirus, CE � cost-effectiveness, CHL � conductive
hearing loss, CI � cochlear implant, COG � Crib-O-Gram, DALY � disability-adjusted life years, GP- general practitioner, HA � hearing aid, HL � hearing loss, (I)CER � (incremental) cost-effectiveness ratio, NA � not applicable, NR � not
reported, OAE - Otoacoustic emissions, PCR � polymerase chain reaction, RHC � regional hearing center, SNHL � sensorineural hearing loss, UK � United Kingdom, US � United States.
Currencies: € � Euro, I$ � International Dollars, INR/Rs � Indian Rupee, £ � Pound.
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Table 4
Included Studies Evaluating Cochlear Implantation.

Reference Model Type Setting and
Population, HL
Type

Comparators Time Horizon,
Perspective

Utility Values: value
(health state)

CI Device + Procedure Costsy CI processor update
time + costy

Indirect Economic
Costs

Main Cost-Effectiveness
Findings*

Quality
Score

Ontario Health
Technology
Assessment
Series 2020

Markov Canada, Children
and Adults with
CHL and Mixed
HL

A. No Intervention B.
Bone Conduction
Implant

C. CI

10 years, 25 years,
Payer

0.56 (U/l deafness)
+0.24 (CI)

$350 (adult pre-op)
$630 (child pre-op)
$24,530 (total procedural

costs)

$4270 - $8640 (Proces-
sor replacement,
q5�10 years)

No Among people with single-
sided deafness, cochlear
implants may be cost-
effective compared with
no intervention, but
bone-conduction
implants are unlikely to
be. Among people with
conductive or mixed
hearing loss, bone-con-
duction implants may be
cost-effective compared
with no intervention.

100

Cheng et al. 2019 Markov Asia, Children with
b/l SNHL

A. Bimodal (CI + HA)
B. Simultaneous b/l CI
C. Sequential b/l CI

Lifetime, Payer +0.066 (bimodal, 1
year)

+0.167�0.212
(bimodal, after 1
year)

+0.009 (b/l CI vs.
bimodal, 1 year)

+0.0216�0.03 (b/l CI vs.
bimodal, after 1 year)

$35,350 NA No Simultaneous bilateral
cochlear implant com-
pared to bimodal hearing
had an ICER of $60,607/
QALY. Sequential bilateral
cochlear implantation
compared to bimodal had
an ICER of $81,782/QALY.

94

Emmett et al. 2019 Decision Tree Asia, Children with
SNHL

A. No Intervention
B. Deaf Education
C. CI

10 years, Modified
Societal

Unclear $11,560 - $27,750 $45,970 - $112,850
(over lifetime)

Yes:
Education

Deaf education was cost-
effective in all countries
except Nepal (CER/GDP,
3.59). CI was cost-effec-
tive in all countries except
Nepal (CER/GDP, 6.38)
and Pakistan (CER/GDP,
3.14).

56

Fang et al. 2019 Markov Asia, Children with
b/l SNHL

A. B/l HA
B. Bimodal (CI+HA)

Lifetime, Payer 0.066 (bimodal, 1 year)
+0.167�0.212

(bimodal, after 1
year)

+0.009 (b/l CI vs.
bimodal, 1 year)

+0.0216�0.03 (b/l CI vs.
bimodal, after 1 year)

$34,490 $9,010 (q10 years) No The ICER for bimodal was
$6487/QALY.

100

Laske et al. 2019 Markov UK/Europe, Adults
with SNHL

A. HA
B. U/l CI
C. Sequential CI

Lifetime, Unclear NA $54,080 $13,070 (q10 years) No Unilateral CI was CE com-
pared to HA in women up
to age 91 and men 89.
Sequential CI compared to
HA was CE for up to 87 in
women and 85 for men.
Sequential CI was CE com-
pared to unilateral CI up
to age 80 in women and
78 in men.

81

Theriou et al. 2019 Decision Tree,
Markov

UK/Europe, Adults
with b/l SNHL

A. U/l CI
B. Bimodal (CI + HA)
C. B/l CI

Lifetime, Payer 0.433 (non-surgical)
0.478 (U/l CI)
0.510 (bimodal)

$24,310 Upgrade: $5290
Tuning/maintenance:
$6,430 (year 1)
$1,030 (year 2)
$970 (year 3)
$770 (year 4+)

No Bimodal had an ICER of
£1,521/QALY in UK and
$8,192 in US. The value of
further research was £4.8
M at 20,000/QALY in UK
and $87.0 M at $50,000/
QALY in US.

100

Ontario Health
Technology
Assessment
2018

Markov Canada, Children
and Adults with
b/l SNHL

A. U/l CI
B. B/l CI

Lifetime, Payer and
Societal

0.495 (no CI, adult)
0.765 (u/l CI, adult)
0.800 (b/l CI, adult)
0.585 (no CI, pediatric)
0.780 (u/l CI, pediatric)
0.830 (b/l CI, pediatric)

$24,170 (u/l CI, adult):
$24,390 (u/l CI, pediatric)

$4370 (q3 years) Yes: Employment,
Caregiver/
Family

Bilateral CI ICER:
Adult post-lingual: $48,978/

QALY
Child prelingual: $27,427/

QALY
Child post-lingual: $30,386/

QALY

100

(continued on next page)

10
E.D

.Borre
etal./EClinicalM

edicine
35

(2021)
100872



Ta
bl
e
4
(C
on

ti
nu

ed
)

Re
fe
re
nc

e
M
od

el
Ty

pe
Se

tt
in
g
an

d
Po

pu
la
ti
on

,H
L

Ty
pe

Co
m
pa

ra
to
rs

Ti
m
e
H
or
iz
on

,
Pe

rs
pe

ct
iv
e

U
ti
lit
y
V
al
ue

s:
va

lu
e

(h
ea

lt
h
st
at
e)

CI
D
ev

ic
e
+
Pr
oc

ed
ur
e
Co

st
sy

CI
pr
oc

es
so
r
up

da
te

ti
m
e
+
co

st
y

In
di
re
ct

Ec
on

om
ic

Co
st
s

M
ai
n
Co

st
-E
ff
ec
ti
ve

ne
ss

Fi
nd

in
gs
*

Q
ua

lit
y

Sc
or
e

M
on

te
s
et

al
.2

01
7

D
ia
gr
am

So
ut
h
A
m
er
ic
a,

Ch
ild

re
n
w
it
h
b/

lS
N
H
L

A
.N

o
In
te
rv
en

ti
on

B.
H
A

C.
CI

Li
fe
ti
m
e,
M
od

ifi
ed

So
ci
et
al

1.
00

0
(m

ild
H
L)

0.
88

0
(m

od
er
at
e,

un
tr
ea

te
d)

0.
96

0
(m

od
er
at
e,

tr
ea

te
d)

0.
66

7
(s
ev

er
e
or

pr
o-

fo
un

d,
un

tr
ea

te
d)

0.
88

0
(s
ev

er
e
or

pr
o-

fo
un

d,
tr
ea

te
d)

$2
3,
61

0
(s
ur
ge

ry
ki
t+

7
as
se
ss
m
en

ts
)

N
A

Ye
s:

Ed
uc

at
io
n,

Em
pl
oy

m
en

t,
H
ea

lt
h

In
su

ra
nc

e

Th
e
IC
ER

fo
r
CI

w
as

$1
5,
16

9/
Q
A
LY

,a
nd

fo
r
H
A
w
as

$1
5,
43

0/
Q
A
LY

.

68

Pe
re
z-
M
ar
ti
n
et

al
.

20
17

M
ar
ko

v
U
K
/E
ur
op

e,
Ch

il-
dr
en

w
it
h
b/
l

SN
H
L

A
.U

/l
CI

B.
Se

qu
en

ti
al

CI
C.

Si
m
ul
ta
ne

ou
s
B/
lC

I

Li
fe
ti
m
e,
Pa

ye
r

+0
.1
06

(s
ec
on

d
CI
)

$2
4,
74

0
(u
/l
CI
)

$7
,4
20

(P
ro
ce
ss
or

re
pl
ac
em

en
t,
ti
m
in
g

un
cl
ea

r)
;

$1
,5
30

(i
nt
er
na

l
re
pl
ac
em

en
t,

de
pe

nd
s
on

de
vi
ce

ag
e)
;

$8
00

(y
ea

rl
y
m
ai
nt
e-

na
nc

e,
ad

ul
ts
);

$4
40

(y
ea

rl
y
m
ai
nt
e-

na
nc

e,
pe

di
at
ri
c)

N
o

Th
e
IC
ER

fo
r
si
m
ul
ta
ne

ou
s

bi
la
te
ra
lC

If
or

1
ye

ar
ol
d

w
as

€1
0,
32

3/
Q
A
LY

.T
he

IC
ER

fo
r
se
qu

en
ti
al

bi
la
t-

er
al

CI
fo
r
1
ye

ar
ol
d
is

€1
1,
73

3/
Q
A
LY

.

86

Q
iu

et
al
.2

01
7

D
ec
is
io
n
Tr
ee

A
si
a,
Ch

ild
re
n
w
it
h

b/
lS

N
H
L

A
.N

o
CI

(H
A
or

no
in
te
rv
en

ti
on

)
B.

U
/l
CI

Li
fe
ti
m
e,
Pa

ye
r
an

d
Pa

ti
en

t
0.
50

(H
L)

0.
61

(H
A
)

0.
55

(P
re
-s
ur
ge

ry
)

0.
77

(6
m
on

th
s
po

st
-C
I)

0.
81

(1
2+

m
on

th
s
po

st
-

CI
)

H
C
Pa

ye
r
Pe

rs
pe

ct
iv
e:

$2
3,
56

0
H
C
Pa

ye
r
+
Pa

ti
en

t
Pe

rs
pe

c-
ti
ve

:
$3

0,
42

0

$2
8,
11

0
(P
ro
ce
ss
or

Re
pl
ac
e-

m
en

t,
H
C
+
Pa

ti
en

tP
er
sp

ec
-

ti
ve

;q
6
ye

ar
s)

N
o

Th
e
IC
ER

fo
r
th
e
Pa

ye
r
+

Pa
ti
en

tp
er
sp

ec
ti
ve

w
as

10
0,
56

1
CN

Y/
Q
A
LY

($
15

,0
84

/Q
A
LY

).
Th

e
IC
ER

fo
r
th
e
Pa

ye
r
pe

rs
pe

ct
iv
e

w
as

40
,9
29

CN
Y/
Q
A
LY

($
61

39
/Q

A
LY

).
Bo

th
w
er
e

be
lo
w

3x
Ch

in
es
e
G
D
P.

10
0

Em
m
et
te

ta
l.
20

16
D
ec
is
io
n
Tr
ee

La
ti
n
A
m
er
ic
a,

Ch
ild

re
n
w
it
h
b/

lS
N
H
L

A
.N

o
In
te
rv
en

ti
on

B.
D
ea

fE
du

ca
ti
on

C.
CI

10
ye

ar
s,
M
od

ifi
ed

So
ci
et
al

U
nc

le
ar

$2
4,
54

0
-
$3

7,
41

0
$6

0,
21

0
-
$9

7,
86

0
(q
10

ye
ar
s)

Ye
s:

Ed
uc

at
io
n

D
ea

fe
du

ca
ti
on

w
as

ve
ry

co
st

ef
fe
ct
iv
e
in

al
lc

ou
n-

tr
ie
s
(C
ER

/G
D
P
0.
07

�
0.
93

).
CI

w
as

co
st
-e
ff
ec
-

ti
ve

in
al
lc

ou
nt
ri
es

(C
ER

/
G
D
P
0.
69

�
2.
96

).

60

Fo
te
ff
et

al
.2

01
6

(1
)

M
ar
ko

v
A
us

tr
al
ia
/N

Z,
A
du

lt
s
w
it
h
b/
l

SN
H
L

A
.B

/l
H
A

B.
U
/l
CI

C.
Se

qu
en

ti
al

b/
lC

I
D
.S
im

ul
ta
ne

ou
s
b/
lC

I

Li
fe
ti
m
e,
Pa

ye
r

0.
49

5
(H

A
)

0.
76

5
(u
/l
CI
)

$3
7,
59

0
$8

,5
70

(q
5
ye

ar
s)

N
o

Co
m
pa

re
d
w
it
h
bi
la
te
ra
l

he
ar
in
g
ai
ds

,t
he

in
cr
e-

m
en

ta
lc
os
t-
ut
ili
ty

ra
ti
o

fo
r
th
e
CI

tr
ea

tm
en

tp
op

u-
la
ti
on

w
as

A
U
D
11

,1
60

/
Q
A
LY

.

10
0

Fo
te
ff
et

al
.2

01
6

(2
)

M
ar
ko

v
A
us

tr
al
ia
/N

Z,
Ch

il-
dr
en

w
it
h
b/
l

SN
H
L

A
.N

o
In
te
rv
en

ti
on

B.
B/
lH

A
C.

M
ix
ed

U
/l
an

d
B/
lC

I

Li
fe
ti
m
e,
Pa

ye
r
an

d
So

ci
et
al

+0
.2
3
(b
/l
H
A
)

+0
.1
25

(u
/l
CI

vs
.H

A
)

+0
.0
63

(s
eq

ue
nt
ia
lb

/l
CI

vs
.u

/l
CI
)

$3
8,
50

0
(d
ev

ic
e
an

d
po

st
-

op
er
at
iv
e
co

st
s)

$8
,5
30

(r
ep

la
ce
m
en

t
so
un

d
pr
oc

es
so
r,
q5

ye
ar
s)

Ye
s:

Ed
uc

at
io
n

Th
e
IC
ER

fo
r
un

ila
te
ra
lC

I
co

m
pa

re
d
w
it
h
H
A
s
w
as

A
U
D
21

,9
47

/Q
A
LY

.
W

ei
gh

te
d
co

m
bi
ne

d
CI

co
m
-

pa
re
d
w
it
h
H
A
s
ha

d
an

IC
ER

of
A
U
D
31

,2
38

/
Q
A
LY

.

10
0

Em
m
et
te

ta
l.
20

15
D
ec
is
io
n
Tr
ee

A
fr
ic
a,
Ch

ild
re
n

w
it
h
b/
lS

N
H
L

A
.N

o
In
te
rv
en

ti
on

B.
D
ea

fE
du

ca
ti
on

C.
CI

10
ye

ar
s,
M
od

ifi
ed

So
ci
et
al

+0
.0
2�

0.
04

(C
I)

$2
8,
34

0
-
$4

6,
75

0
$4

1,
31

0
-
$7

3,
70

0
(m

ai
nt
en

an
ce

q1
0

ye
ar
s)

Ye
s:

Ed
uc

at
io
n

CI
w
as

CE
in

So
ut
h
A
fr
ic
a

an
d
N
ig
er
ia
:C

ER
/G

D
P
w
as

1.
03

an
d
2.
05

.
D
ea

fe
du

ca
ti
on

w
as

CE
in

So
ut
h
A
fr
ic
a,
N
ig
er
ia
,

K
en

ya
,R

w
an

da
,U

ga
nd

a,
M
al
aw

iw
it
h
CE

R/
G
D
P

ra
ng

in
g
fr
om

0.
55

to
1.
56

.

66

Sa
un

de
rs

et
al
.

20
15

D
ec
is
io
n
Tr
ee

La
ti
n
A
m
er
ic
a,

Ch
ild

re
n
w
it
h
b/

lS
N
H
L

A
.N

o
In
te
rv
en

ti
on

B.
D
ea

fE
du

ca
ti
on

C.
CI

10
ye

ar
s,
So

ci
et
al

an
d

M
od

ifi
ed

So
ci
et
al

+0
.0
2�

0.
04

(C
I)

$1
7,
59

0
N
A

Ye
s:

Ed
uc

at
io
n

Co
st
s
pe

r
D
A
LY

av
er
te
d
w
er
e

$5
,8
98

an
d
$5

,5
29

fo
r
CI

an
d
de

af
ed

uc
at
io
n,

re
sp

ec
ti
ve

ly
.

80

Ch
en

et
al
.2

01
4

D
ec
is
io
n
Tr
ee

Ca
na

da
,A

du
lt
s

w
it
h
b/
lS

N
H
L

A
.N

o
In
te
rv
en

ti
on

B.
U
/l
CI

C.
B/
lC

I

25
ye

ar
s,
Pa

ye
r

0.
49

5
(N

o
in
te
rv
en

ti
on

)
0.
76

5
(u
/l
CI
)

$4
0,
34

0
$2

4,
26

0
(q
5
ye

ar
s)

N
o

Th
e
IC
ER

fo
r
bi
la
te
ra
lC

I
co

m
pa

re
d
to

no
in
te
rv
en

-
ti
on

w
as

$1
4,
65

8/
Q
A
LY

.
Th

e
IC
U
R
w
as

$5
5,
02

0/
Q
A
LY

co
m
pa

ri
ng

un
ila

t-
er
al

to
bi
la
te
ra
lC

I.

71

(c
on

ti
nu

ed
on

ne
xt

pa
ge

)

E.D. Borre et al. / EClinicalMedicine 35 (2021) 100872 11



Ta
bl
e
4
(C
on

ti
nu

ed
)

Re
fe
re
nc

e
M
od

el
Ty

pe
Se

tt
in
g
an

d
Po

pu
la
ti
on

,H
L

Ty
pe

Co
m
pa

ra
to
rs

Ti
m
e
H
or
iz
on

,
Pe

rs
pe

ct
iv
e

U
ti
lit
y
V
al
ue

s:
va

lu
e

(h
ea

lt
h
st
at
e)

CI
D
ev

ic
e
+
Pr
oc

ed
ur
e
Co

st
sy

CI
pr
oc

es
so
r
up

da
te

ti
m
e
+
co

st
y

In
di
re
ct

Ec
on

om
ic

Co
st
s

M
ai
n
Co

st
-E
ff
ec
ti
ve

ne
ss

Fi
nd

in
gs
*

Q
ua

lit
y

Sc
or
e

Se
m
en

ov
et

al
.

20
13

D
ec
is
io
n
Tr
ee

U
ni
te
d
St
at
es
,C

hi
l-

dr
en

w
it
h
b/
l

SN
H
L

A
.D

ea
fE

du
ca
ti
on

B.
CI

at
<
18

m
on

th
s

C.
CI

at
18

�3
6
m
on

th
s

D
.C

Ia
t>

36
m
on

th
s

Li
fe
ti
m
e,
So

ci
et
al

A
ge

<
18

m
on

th
s:

0.
26

(p
re
-i
m
pl
an

ta
ti
on

)
0.
76

(6
ye

ar
s
po

st
-

im
pl
an

ta
ti
on

)
A
ge

18
�2

6
m
on

th
s:

0.
31

(p
re
-i
m
pl
an

ta
ti
on

)
0.
72

(6
ye

ar
s
po

st
-

im
pl
an

ta
ti
on

)
A
ge

>
36

m
on

th
s:

0.
37

(p
re
-i
m
pl
an

ta
ti
on

)
0.
71

(6
ye

ar
s
po

st
-

im
pl
an

ta
ti
on

)

$4
7,
51

0
$1

5,
02

0
(l
ife

ti
m
e)

Ye
s:

Ed
uc

at
io
n,

Em
pl
oy

m
en

t,
Tr
an

sp
or
ta
ti
on

,
Ca

re
gi
ve

r/
Fa

m
ily

CI
le
d
to

ne
ts

oc
ie
ta
ls
av

in
gs

of
$3

1,
25

2,
$1

0,
21

7,
an

d
$6

68
0
fo
r
ag

es
<
18

m
on

th
s,
18

�3
6
m
on

th
s,

36
m
on

th
s.

94

Su
m
m
er
fi
el
d
et

al
.

20
10

M
ar
ko

v
U
K
/E
ur
op

e,
Ch

il-
dr
en

w
it
h
b/
l

SN
H
L

A
.B

im
od

al
(C
I+
H
A
)

B.
B/
lC

I
Li
fe
ti
m
e,
Pa

ye
r

+
0.
14

5
(u
/l
vs
.n

on
su

r-
gi
ca
l)

+
0.
06

3
(b
/l
vs
.u

/l
CI
)

$5
1,
63

0
$1

0,
14

0
(q
10

ye
ar
s)

N
o

Th
e
ne

tb
en

efi
tw

as
po

si
ti
ve

,
pr
ov

id
ed

th
at

£2
1,
76

8
co

ul
d
be

sp
en

tt
o
ga

in
a

Q
A
LY

.

10
0

Bo
nd

et
al
.2

00
9

M
ar
ko

v
U
K
/E
ur
op

e,
Ch

il-
dr
en

an
d
A
du

lt
s

w
it
h
b/
lS

N
H
L

A
.N

o
In
te
rv
en

ti
on

B.
U
/l
CI

C.
B/
lS

eq
ue

nt
ia
lC

I
D
.B

/l
Si
m
ul
ta
ne

ou
s
CI

Li
fe
ti
m
e,
Pa

ye
r

0.
43

3
(P
re
-I
m
pl
an

ta
ti
on

A
du

lt
s)

0.
63

0
(P
os
t-
Im

pl
an

ta
-

ti
on

at
9
m
on

th
s,

A
du

lt
s)

0.
35

3�
0.
61

6
(P
re
-

Im
pl
an

ta
ti
on

,P
ed

ia
t-

ri
c)

+0
.0
66

�0
.2
32

(C
I,

Pe
di
at
ri
c)

$4
0,
70

0
(u
/l
CI
,a
du

lt
s)

$4
2,
26

0
(u
/l
CI
,c
hi
ld
re
n)

$9
,6
10

(a
du

lt
s
an

d
ch

il-
dr
en

;q
10

ye
ar
s)

N
o

In
pr
el
in
gu

al
ly

de
af

ch
ild

re
n,

th
e
IC
ER

fo
r
u/
lC

Iw
as

£1
3,
41

3/
Q
A
LY

,£
40

,4
10

/
Q
A
LY

fo
r
si
m
ul
ta
ne

ou
s
b/
l

CI
,a
nd

54
,0
98

/Q
A
LY

fo
r

se
qu

en
ti
al

b/
lC

I.
In

po
st
-l
in
gu

al
ly

de
af

ad
ul
ts
,

th
e
IC
ER

fo
r
u/
lC

Iw
as

£1
4,
16

3,
fo
r
si
m
ul
ta
ne

ou
s

b/
lC

Iw
as

£4
9,
55

9,
an

d
fo
r

se
qu

en
ti
al

b/
lC

Iw
as

£6
0,
30

1/
Q
A
LY

.

10
0

Bi
ch

ey
et

al
.2

00
8

D
ec
is
io
n
Tr
ee

U
ni
te
d
St
at
es
,C

hi
l-

dr
en

an
d
A
du

lt
s

w
it
h
b/
lS

N
H
L

A
.N

o
CI

B.
B/
lC

I
Li
fe
ti
m
e,
So

ci
et
al

0.
33

(b
ef
or
e
fi
rs
tC

I)
0.
69

(b
ef
or
e
se
co

nd
CI
)

0.
81

(a
ft
er

se
co

nd
CI
)

$5
5,
37

0
N
A

N
o

Re
su

lt
s
in
di
ca
te
d
a
0.
48

m
ea

n
ga

in
in

he
al
th

ut
il-

it
y
af
te
r
bi
la
te
ra
lc

oc
hl
ea

r
im

pl
an

ta
ti
on

an
d
a
di
s-

co
un

te
d
co

st
of

$2
4,
85

9/
Q
A
LY

in
th
is
co

ho
rt

of
pa

ti
en

ts
.

49

U
K
Co

ch
le
ar

Im
pl
an

tS
tu
dy

G
ro
up

20
04

D
ec
is
io
n
Tr
ee

U
K
/E
ur
op

e,
A
du

lt
s

w
it
h
b/
lS

N
H
L

A
.N

o
in
te
rv
en

ti
on

B.
H
A

C.
U
/l
CI

Li
fe
ti
m
e,
Pa

ye
r

0.
43

3
(p
re
-i
m
pl
an

ta
-

ti
on

)
0.
61

1
(3
-m

on
th

po
st
-

im
pl
an

t
0.
63

0
(9
-m

on
th

po
st
-

im
pl
an

t)

$5
1,
31

0
$1

1,
01

0
(q
10

ye
ar
s)

N
o

U
ni
la
te
ra
lC

Ii
n
po

st
lin

-
gu

al
ly

de
af
en

ed
ad

ul
ts

ha
d
an

IC
ER

of
€2

7,
14

2/
Q
A
LY

.

87

Bi
ch

ey
et

al
.2

00
2

O
th
er

Ca
na

da
,C

hi
ld
re
n

an
d
A
du

lt
s
w
it
h

b/
lS

N
H
L

A
.H

A
B.

CI
Li
fe
ti
m
e,
Pa

ye
r

0.
82

(C
I)

$5
3,
02

0
N
A

N
o

Co
ch

le
ar

im
pl
an

ta
ti
on

vs
he

ar
in
g
ai
d
ha

d
an

IC
ER

of
$1

2,
77

4/
Q
A
LY

.

43

Fr
an

ci
s
et

al
.2

00
2

D
ec
is
io
n
Tr
ee

U
ni
te
d
St
at
es
,

A
du

lt
s
w
it
h
b/
l

SN
H
L

A
.N

o
In
te
rv
en

ti
on

B.
CI

Li
fe
ti
m
e,
Pa

ye
r

0.
70

(P
re
-I
m
pl
an

ta
ti
on

)
0.
85

(P
os
t-

Im
pl
an

ta
ti
on

)

$5
1,
18

0
N
A

N
o

CI
in

ol
de

r
ad

ul
ts

ha
d
a
co

st
-

ut
ili
ty

of
$9

,5
30

/Q
A
LY

.
57

Su
m
m
er
fi
el
d
et

al
.

20
02

O
th
er

U
K
/E
ur
op

e,
A
du

lt
s

w
it
h
b/
lS

N
H
L

A
.N

o
In
te
rv
en

ti
on

B.
A
co

us
ti
c
H
A

C.
U
/l
CI

D
.S
im

ul
ta
ne

ou
s
b/
lC

I
E.

Se
qu

en
ti
al

b/
lC

I

30
ye

ar
s,
Pa

ye
r

0.
56

2
(p
ro
fo
un

d
H
L,
no

be
ne

fi
tf
ro
m

H
A
);

0.
72

5
(p
ro
fo
un

d
H
L,

m
ar
gi
na

lb
en

efi
t

fr
om

H
A
);

0.
75

0
(t
ra
di
ti
on

al
be

ne
-

fi
tf
ro
m

a
u/
lC

I)
;

0.
80

2
(m

ar
gi
na

lH
A

us
er

be
ne

fi
ti
ng

fr
om

a
u/
lC

I)
;

0.
76

5
(p
ro
fo
un

d
H
L,
no

be
ne

fi
tf
ro
m

H
A
);

0.
83

6
(s
ev

er
e
H
L,
m
ar
-

gi
na

lb
en

efi
tf
ro
m

H
A
);

0.
93

4
(b
en

efi
ti
ng

fr
om

a
u/
lC

I)
;

0.
96

5
(b
en

efi
ti
ng

fr
om

a
b/
lC

I)

$4
6,
12

0
$1

60
0
-
$1

80
0
(q
1
ye

ar
,

po
st

ye
ar

4)
N
o

Th
e
IC
ER

s
w
er
e
£1

6,
77

4
fo
r

ty
pe

1:
un

ila
te
ra
li
m
pl
an

-
ta
ti
on

vs
no

in
te
rv
en

ti
on

,
£2

7,
40

1
fo
r
ty
pe

2:
un

ila
t-

er
al

im
pl
an

ta
ti
on

vs
m
an

-
ag

em
en

tw
it
h
he

ar
in
g

ai
ds

,£
61

,7
34

fo
r
si
m
ul
ta
-

ne
ou

s
bi
la
te
ra
li
m
pl
an

ta
-

ti
on

vs
un

ila
te
ra
l

im
pl
an

ta
ti
on

,a
nd

£6
8,
91

6
fo
r
pr
ov

is
io
n
of

an
ad

di
ti
on

al
im

pl
an

tv
s

no
ad

di
ti
on

al
in
te
rv
en

ti
on

.

69

(c
on

ti
nu

ed
on

ne
xt

pa
ge

)

12 E.D. Borre et al. / EClinicalMedicine 35 (2021) 100872



Table 4 (Continued)

Reference Model Type Setting and
Population, HL
Type

Comparators Time Horizon,
Perspective

Utility Values: value
(health state)

CI Device + Procedure Costsy CI processor update
time + costy

Indirect Economic
Costs

Main Cost-Effectiveness
Findings*

Quality
Score

Cheng et al. 2000 Decision Tree United States, Chil-
dren with b/l
SNHL

A. No Intervention
B. CI

Lifetime, Societal 0.25 (Pre-Implantation)
0.64 (Post-

Implantation)

$40,560 $9490 Yes: Education,
Employment,
Transportation,
Caregiver/
Family

The CI ICER was $9,029/
QALY using the TTO,
$7,500/QALY using the
VAS, and $5,197/QALY
using the HUI. CI was
cost-saving when educa-
tional impact was
included.

100

Wong et al. 2000 Decision Tree Asia, Children and
Adults with b/l
SNHL

A. No Intervention
B. CI

Lifetime, Payer +0.1229 (CI, adult)
+0.1266 (CI, pediatric)

NA NA No The ICER for unilateral
cochlear implantation
was HK$133,087/QALY in
adults and HK$183,100/
QALY in children.

32

Carter et al. 1999 Decision Tree Australia/NZ, Chil-
dren and Adults
with SNHL

A. No Intervention
B. CI

10-years, 15-years, 20-
years, Payer

+0.0434�0.0484 (CI) $30,500 NA Yes: Education Costs in AUD per QALY (15-
year assessment) ranged
from $5,070�$11,100 for
children, $11,790�
$38,150 for profoundly
deaf adults, and $14,410�
$41,000 for partially deaf
adults.

92

Summerfield et al.
1997

Decision Tree UK/Europe, Chil-
dren and Adults
with b/l SNHL

A. No Intervention
B. CI

Lifetime, Payer 0.58 (Pre-implantation)
0.81 (Post-

implantation)

NA NA Yes: Education CI had an ICER of £15,600/
QALY.

51

Wyatt et al. 1996 Decision Tree United States,
Adults with b/l
SNHL

A. No Intervention
B. CI

Lifetime, Payer 0.59 (Pre-implantation)
0.79 (Post-

implantation)

$62,890 $12,340 (cost of follow-
up; audiologic test-
ing and device
maintenance)

No The ICER for CI was $15,928/
QALY.

76

Hutton et al. 1995 Decision Tree UK/Europe, Chil-
dren with b/l
SNHL

A. No Intervention B. CI Lifetime, Societal 0.60 (HL)
0.70 (CI)

$2,090 (Pre-op Eval);
$39,770 (Implantation)

NA Yes: Education CI in children had an ICER of
£16,214/QALY.

55

Lea et al. 1995 Decision Tree Australia/NZ, Chil-
dren and Adults
with b/l SNHL

A. No Intervention B. CI 10 years, Payer �0.17 (HL)
+0.7�0.15 (CI)

$21,170 (device)
$2490 (procedure)

$500 (Threshold checks,
twice per year first 3
years)

$250 (Threshold
checks, yearly years
4+)

No CI had an ICER of $14,000/
QALY in children and
$22,000/QALY in adults.

28

Summerfield et al.
1995

Decision Tree UK/Europe, Chil-
dren and Adults,
Unclear

A. No Intervention B. CI 12 years, Payer 0.53 (Pre-implantation)
0.67 (Post-

implantation)

$11,650 (implantation);
$34,320 (device)

$1,860 (yearly mainte-
nance, adults)

$3,020 (yearly mainte-
nance, pediatric)

No The cost of gaining 1 QALY
through multichannel
implantation in adulthood
was between
£8,624�25,871.

74

Wyatt et al. 1995
(1)

Decision Tree United States,
Adults, Unclear

A. No Intervention
B. U/l CI

Lifetime, Payer +0.30 (CI) $3,020 (Pre-op eval)
$20,500 (Surgery)
$33,260 (Device)

$1,000 (Maintenance
costs, every 2 years,
years 4+)

No The ICER for CI was $9,325/
QALY, with a range of
$7,988-$11,201/QALY.

91

Wyatt et al. 1995
(2)

Decision Tree United States,
Adults with b/l
SNHL

A. No Intervention
B. CI

Lifetime, Payer +0.27 (CI) $63,970 (CI Device + proce-
dure costs)

$14,160 (cost of follow-
up; audiologic test-
ing and device
maintenance)

No The ICER for cochlear
implantation was
$15,600/QALY.

75

*Main Cost-Effectiveness findings cost-effectiveness ratios and costs are presented in the published currency and year.
yCochlear implant device and procedure costs, and cochlear implant processor update time and cost are adjusted to 2019 USD.
Abbreviations: b/l � bilateral, CE � cost-effectiveness, CI � cochlear implant, DALY � disability-adjusted life years, GDP � gross domestic product, HA � hearing aid, HL � hearing loss, HUI � health utilities index, (I)CER � (incremental)
cost-effectiveness ratio, ICUR � incremental cost-utility ratio, QALY � quality-adjusted life years, SNHL � sensorineural hearing loss, u/l � unilateral, TTO � Time Trade Off, UK � United Kingdom, US � United States.
Currencies: AUD � Australian Dollar, CNY � Chinese Yuan, € � Euro, HK � Hong Kong Dollar, I$ � International Dollar, INR/Rs � Indian Rupee, £ � Pound.
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Table 5
Included Studies Evaluating Hearing Aids.

Reference Model Type Setting and Population,
HL Type

Comparators Time Horizon,
Perspective

Utility Values: value
(health state)

HA Device + fitting
costsy

HA recurring costsy Indirect Economic Costs Main Cost-Effectiveness
findings*

Quality Score

Acoustic (i.e. traditional) Hearing Aids
Cheng et al. 2019 Markov Asia, Children with b/l

SNHL
A. Bimodal (u/l CI + HA)
B. Simultaneous bilat-

eral CI
C. Sequential bilateral

CI

Lifetime, Payer +0.066 (bimodal, 1
year)

+0.167�0.212
(bimodal, after 1
year)

+0.009 (b/l CI vs.
bimodal, 1 year)

+0.0216�0.03 (b/l CI vs.
bimodal, after 1 year)

$990 NA No Simultaneous bilateral
cochlear implant
compared to bimodal
hearing had an ICER
of $60,607/ QALY.
Sequential bilateral
cochlear implanta-
tion compared to
bimodal had an ICER
of $81,782/QALY.

94

Fang et al. 2019 Markov Asia, Children with b/l
SNHL

A. Bilateral HA
B. Bimodal (CI+HA)

Lifetime 0.066 (bimodal, 1 year)
+0.167�0.212

(bimodal, after 1
year)

+0.009 (b/l CI vs.
bimodal, 1 year)

+0.0216�0.03 (b/l CI vs.
bimodal, after 1 year)

NA $1700 (device, q5
years)

No The ICER for bimodal
was $6487/QALY.

100

Gillard and Harris
2019

Decision Tree,
Markov

United States, Adults
with CHL

A. Stapedectomy
B. HA

Lifetime, Payer and
Patient

0.61 (HL) $2350 $580 (yearly cost) No In otosclerosis, stape-
dectomy had an ICER
of $3918.43/QALY
compared to hearing
aids.

81

Laske et al. 2019 Markov UK/Europe, Adults with
SNHL

A. U/l CI
B. Sequential CI
C. HA

Lifetime +0.28 (u/l CI vs HA)
+0.38 (sequential CI vs.

HA)
+0.1 (sequential CI vs u/

l CI)

$6500 $60 (batteries, yearly)
$360 (specialist consult

q2 years)
$6500 (replacement)

No Unilateral CI was CE
compared to HA in
women up to age 91
and men 89. Sequen-
tial compared to HA
was CE for up to 87
in women and 85 for
men. Sequential CI
was CE compared to
unilateral CI up to
age 80 in women and
78 in men.

81

Theriou et al. 2019 Decision Tree,
Markov

UK/Europe, Adults with
b/l SNHL

A. U/l CI
B. Bimodal (CI + HA)
C. B/l CI

Lifetime, Payer NA $270 NA No Bimodal had an ICER of
£1521/QALY in UK
and $8192 in US. The
value of further
research was £4.8 M
at 20,000/QALY in UK
and $87.0 M at
$50,000/QALY in US.

100

Montes et al. 2017 Diagram South America, Chil-
dren with b/l SNHL

A. No Intervention
B. HA
C. CI

Lifetime, Modified
Societal

1.000 (mild HL)
0.880 (moderate,

untreated)
0.960 (moderate,

treated)
0.667 (severe or pro-

found, untreated)
0.880 (severe or pro-

found, treated)

$1450 NA Yes: Education,
Employment, Health
Insurance

The ICER for CI was
$15,169/QALY, and
for HA was $15,430/
QALY.

68

Foteff et al. 2016
(1)

Markov Australia/NZ, Adults
with b/l SNHL

A. B/l HA
B. U/l CI
C. Sequential b/l CI
D. Simultaneous b/l CI

Lifetime, Payer 0.495 (HA)
0.765 (u/l CI)

$3560 $3180 (q5 years); $500
(first 12 months)

$490 (Annual audiology
follow-up for 5
years)

No Compared with bilat-
eral hearing aids the
incremental cost-
utility ratio for the CI
treatment population
was AUD 11,160/
QALY.

100

(continued on next page)
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hearing aid provision. These interventions were most frequently
examined in high-income settings [2].

The median quality score of included studies was high and we
found that more recent studies had slightly higher quality than ear-
lier 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. Incremen-
tal comparison is recommended by cost-effectiveness guidelines and
failing to compare incrementally can affect the validity of cost-effec-
tiveness conclusions and subsequent policy recommendations [150].
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 sensitivity analysis. That said, model valida-
tion exercises were not reported in over 80% of studies, and this pro-
portion did differ between more recently published studies and
earlier studies. Including validation exercises in model-based analy-
ses follows modeling best-practice guidelines and can increase the
transparency and applicability of the results [12,150].

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 assess-
ments 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 [2].
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 par-
ticularly useful in settings where data are sparse or highly variable.

Nearly all decision models included in this review evaluated a sin-
gle 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 [115,116].
These studies considered child and adult screening strategies, antibi-
otic administration for meningitis-associated hearing loss, and antibi-
otics 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 mul-
tiple conditions. The majority of decision models we identified did
report health outcomes in QALYs 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



Fig. 2. Quality of Included Studies.
Fig. 2 illustrates 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 compo-
nent. Total quality score, aggregated across the weighted components, are listed in the right-most column. Please refer to Appendix 7 for complete definitions of each quality score
component.
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model input, and the lack of a definitive source for parameterizing
model-based utility values. While utility values 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 popula-
tions in mind � to inform decision models and reduce this model
input uncertainty.

We also identified an evidence gap in inclusion of the indirect eco-
nomic 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 [150]. Exclusion of the effects of hearing loss
on economic productivity, education, and social support may under-
estimate 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 [151]. There is a
need for high-quality estimates of the impact of hearing loss on indi-
rect economic outcomes that can be incorporated into decision
modeling analyses.

Lastly, we found that many economic analyses of newborn hear-
ing screening forecast clinical and economic outcomes over an abbre-
viated time horizon and included intermediate clinical outcomes
such as hearing loss cases identified. While we did not 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 spe-
cific 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 identi-
fied 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 set-
tings. Finally, model-based analyses should follow modeling best
practice guidelines, incorporating validation exercises and comparing
interventions incrementally, and predict comparable clinical and eco-
nomic 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 interven-
tions in hearing healthcare. The comprehensive compilation and
quality evaluation of cost-effectiveness analyses presented herein
can help policy makers identify the most relevant and highest-quality
analyses to guide their decision making on hearing healthcare provi-
sion. With the current evidence, policy makers might compare the
published cost-effectiveness ratios from high quality studies with
thresholds to identify setting-specific hearing healthcare interven-
tions 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
synthesize 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-effective-
ness 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 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 qual-
ity. 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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