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A cost–benefit analysis of hearing aids, including the benefits of reducing the
symptoms of dementia
Robert J. Brent

Fordham University, Bronx, NY, USA

ABSTRACT
We carried out a CBA of hearing aids (HAs) in which we estimated the direct utility benefits, and
included the indirect utility benefits working through a reduction in dementia symptoms. The
benefits methodology involved using QALYs as the outcome measure and then applying the
price of a QALY to convert the outcome measure into monetary terms. The price of a QALY was
derived from an age-specific VSL estimate. The effects of HAs on utility were estimated from
a fixed effects regression on a large national panel data set provided by NACC where we used
a negative proxy for the QoL. We also used a fixed effects regression for the estimate of the
indirect benefits involving HAs reducing dementia symptoms. We found that the total benefits,
mainly coming from the direct benefits, were extremely large relative to the costs, with benefit–
cost ratios over 30.
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I. Introduction

According to the WHO (2017), an estimated
360 million people around the world have hearing
loss (HL). They estimate that the annual cost of
unaddressed HL is $750–790 billion globally. This
is just for moderate to severe HL (greater than 35
DB in the better ear). $105 billion of this cost is
due to a loss of productivity, and a further
$573 billion per year involves social costs because
of social isolation, communication difficulties and
stigma. The cost to the health-care sector is in the
range $67–107 billion.

Underlying these HL figures, there are strong
links between HL and ageing, between ageing and
dementia, and consequentially between HL and
dementia. In the US, according to Donohue et al.,
18% of adults aged 45–64, 30% of adults aged 65–74,
and 47% of adults 75 years and older report HL.
Fortunato, Forli, and Guglielmi et al. (2016) state
that one-fifth of the US population has some form of
cognitive loss by the age of 70 years; and Lin and
Albert (2014) reports that two-thirds of adults
70 years or older have an HL that affects daily living.

Given the size of the HL costs, and the relation-
ships linking HL, ageing and dementia, and the fact

that the rates of hearing aid (HA) use remain less
than 25% in the US (and other industrialized
countries)1 even though potentially they could
reduce HL, there are three main research questions
that need answering. First, to what extent can HAs
reduce dementia? Second, even if HAs can reduce
dementia, would HAs be socially worthwhile and
pass a CBA test? Lastly, would HAs pass a CBA test
just because it lowered dementia?

To answer these questions we are going to carry
out a CBA of HAs that estimates both the direct
utility benefits of HAs and also the indirect bene-
fits of HAs working through a reduction in
dementia. For the CBA, a Quality Adjusted
Life Year (QALY) will be used as the outcome
measure and this will be converted to a benefit
estimate by putting a price on a QALY. Two fixed-
effects regression equations using panel data are
applied to a large national sample of clients tested
for dementia who have also been tested for HL.
A subject’s particular visit to an Alzheimer’s
Disease Center (ADC) is the unit of observation.
Because many individual characteristics do not
vary by the visit, in this way we attempt to neu-
tralize the identification problem that unobserva-
ble variables may exist in the error term. Estimates
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1See Fortunato, Forli, and Guglielmi et al. (2016).
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of the costs of HAs will come from the literature.
We calculate the net-benefits of HAs and, for ease
of interpretation, present the results also as
a benefit–cost ratio. When we refer to HAs in
the main analysis, we are considering only ones
that are effective, i.e., provide the wearer with
normal hearing. In the final net-benefit calcula-
tions, we make adjustments for HAs that are not
effective.

In the next section, we give an overview of our
data source and explain the specifications of the
main variables that will be used in the estimation
of the benefits. We then go into details concerning
our benefits method and the estimation frame-
work. After highlighting each benefit component,
the components are estimated and assembled to
form the direct and indirect benefit categories
leading to the total benefits. The last piece of the
CBA involves providing the costs of HAs. With
the costs, the final results can then be determined,
which include a sensitivity analysis. The summary
and conclusions section mention some policy
implications of our results.

II. The data source and background for the key
variables

The data we will be using to estimate the benefits of
HAs dementia come from the National Alzheimer’s
Coordinating Center (NACC). NACC has con-
structed a data set that has been operational since
2005. These data consist of demographic, clinical,
diagnostic, and neuropsychological information on
participants with normal cognition, mild cognitive
impairment, and dementia who visited 32 US
Alzheimer’s Disease Centers (ADC). The data were
collected by trained clinicians using structured inter-
views and objective test measures. Steps were under-
taken to standardize the data across theADCs and this
is why the data set is referred to as the Uniform Data
Set (UDS). This data set is fully explained elsewhere
(Morris, Weintraub, and Chui et al. 2006, Beekly,
Ramos, and Lee et al. 2007; Weintraub, Salmon, and
Mercaldo et al. 2009). The UDS was the data source
used for two prior CBAs of dementia interventions
related to years of education andMedicare eligibility –
see Brent (2018a) and Brent (2018b).

Although it is true that the UDS has been
acknowledged not to be nationally representative,

this does not necessarily mean that there is sample
selection bias. There were many other people
involved with the decision as to whether
a person shows up at an ADC. Some were recom-
mended by ADC solicitation, some were referred
by a relative or friend, and some referred by
a clinician. The clinicians had a big say into who
is included in the sample, not just the clients (for
example, they ensured that the sample consisted of
those with varying degrees of dementia). Once the
sample was constructed, it was not the case that
clients could select only what they wanted to
answer. The clinicians also had a big say as to
what questions were asked, and whether to accept
a client’s answer (e.g., is the client capable of
answering certain questions that involve judg-
ment, such as assessing one’s quality of life).

The UDS has evolved into a panel with 118,341
visit observations, covering up to 12 visits over
a thirteen-year period. With an average of around
3.15 visits per patient, there were around 37,544
participants sampled between September 2005 and
March 2017. In the previous CBA studies using
the UDS, just the data for the initial visit was used.
In this CBA, we will be utilizing the full panel,
except when variables have missing observations.
The main reason why there were missing observa-
tions was because, to do the CBA of hearing aids,
of necessity, we must focus just on those with
hearing aids. The vast majority of the sample did
not require or use a hearing aid. This left
a maximum of 17,334 visit observations in our
sample, covering around 4,653 individuals.

The measure of dementia

A magnetic resonance image (MRI) of the brain
can detect whether a person has the pathology of
dementia (which may include plaques and fibres
for Alzheimer’s disease, if the main type of
dementia is involved, and include lesions if vascu-
lar dementia is applicable). Although there are
currently no treatments that can alter the pathol-
ogy of the brain, if the criterion for an effective
dementia intervention is whether a person can
follow a useful and productive lifestyle, then
focusing on finding a reduction of symptoms can
be a feasible dementia outcome that any interven-
tion can seek to achieve. Hence, we will employ
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a measure of dementia that focuses on cognitive
functioning rather than pathology.

The instrument that we will be using to measure
dementia is the Clinical Dementia Rating (CDR)
scale. The CDR is a measure of dementia severity
used globally, based primarily on a neurological
exam and informant reporting, see Morris (1997).
A CDR was administered to each NACC partici-
pant at each visit by a clinician. There are six
domains in the CDR: memory, orientation, judg-
ment and problem solving, community affairs,
home and hobbies, and personal care. Each domain
is assessed using a 0 to 3 interval (none, mild,
moderate and severe) with a questionable response
being scored as 0.5. The CDR-SB (the CDR sum of
boxes) is the aggregate score across all six domains
and this has a range of 0 to 18.

The hearing variables

The benchmark for HL that we will be using is the
absence of functionally normal hearing. In an inter-
view with the client, a clinician would assess HL if
there were any functional impairment, on the basis
of there being a reduced ability to do everyday
activities, such as listening to the radio or televi-
sion, or talking with family or friends. There were
two ways that hearing could be normal – with and
without an HA. We distinguish the two cases of
normal hearing in order to test the extent to which
the restorative power of HAs brings a subject up to
par with regular hearing. H0 is designated as the
dummy variable for normal hearing without
a hearing aid, and HA is the dummy variable for
normal hearing with a hearing aid.

The measure of the quality of life

The Quality of Life (QoL) measure that is in the
NACC data set that we will be using as a negative
proxy for utility is the Geriatric Depression Scale
(GDS), short form. This measure has 15 ingredients,
and we take the sum of the ingredients. Although the
GDS was originally conceived to be a measure of
psychological status, it has become accepted to be
a valid measure of QoL among older adults with and

without cognitive impairment. For example, Vagetti,
Barbosa Filho, and Moreira et al. (2014) used the
GDS as a measure of QoL to see how it was affected
by the extent of physical activity undertaken by the
elderly. Brent (2018b) also used the GDS as the QoL
measure in the CBA of Medicare eligibility.

The GDS is on a scale of 0 to 15. It needs to be
rescaled (and inverted) to correspond with the
QoL that is in the unit interval that we will be
using to value expected life years, which is going
to be used as our outcome measure. The conver-
sion of GDS to Qol is carried out by:

QoL ¼ � GDS� GDS Min
GDS Max� GDS Min

(1)

With GDS Max = 15 and GDS Min = 0, the
rescaling simplifies to QoL = – GDS/15.

III. The method for estimating the benefits of
hearing aids

An HA provides utility (U) directly and also indir-
ectly through the dementia symptoms (D) they
reduce. The utility function is specified as:

U = U(HA, D(HA), Z) (2)

where Z is a vector of all the variables determining
an individual’s utility other than hearing aids and
dementia (including normal hearing). The direct
and indirect utility effects of HAs (holding
Z constant) are given by:

dU
dHA

¼ @U
@HA

þ @U
@D

@D
@HA

(3)

where @U
@HA > 0, @U

@D < 0 and @D
@HA < 0, which means

that both of the utility effects of HAs are expected
to be positive.

A common outcome measure used for economic
evaluations in the health-care field is the quality-
adjusted life year (QALY) which combines the num-
ber of life years (LY) in a health state with the utility
(i.e., quality of life) in that health state:QALY = LY ×
U. When life years are fixed, as in our application,
QALYs only change when utility changes2

2In the context of HL and QALYS, the literature focuses exclusively on U changes and not LY changes. For example, in the CUA of HAs by Abrams, Chisolm,
and McArdle (2002), the cost per QALY gained of $60 was calculated with LY fixed by actuarial life tables. Similarly, the global costs of HL measured in the
WHO (2017) study did not include reference to altering life expectancies.:
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dQALY ¼ LY dU (4)

To carry out a CBA, it is necessary that all
outcomes be expressed in monetary terms to
form the benefits (B). When QALYs are the out-
come measure, this effectively means putting
a price (P) on the QALYs: B = P × QALY. The
change in benefits from HAs is then, using
Equations (3) and (4):

dB
dHA

¼ P dQALY
dHA

¼ PðLY dU
dHA

Þ

¼ P LY
@U
@HA

þ @U
@D

@D
@HA

� �
(5)

The method for estimating the benefits, therefore,
involves estimating the direct and indirect effects
of HAs on utility and valuing this by the price of
a life year attached to the number of life years that
an individual has remaining in a particular health
state. Decomposing Equation (5), we define the
two categories of benefits:

Direct Benefits:

P LY
@U
@HA

� �
(5a)

Indirect Benefits:

P LY
@U
@D

@D
@HA

� �
(5b)

IV. Estimation framework

To enable the utility components of Equations
(5a) and (5b) to be estimated, we need to specify
two equations, one for the effects of hearing on
dementia, and another for the effects of hearing
and dementia on utility.

Effects of hearing on dementia

The first estimation equation starts off in
a regression framework with a dependent variable
(the extent of dementia symptoms D) that is
related to the set of hearing variables H (normal
hearing without a hearing aid, H0, normal hearing
with a hearing aid, HA, and age A), a set of
controls Z that are observed, and an error term
u. Although we are here only interested in esti-
mating the effects of the hearing variables on
dementia, we need to recognize the heterogeneity

problem, that there could also exist a set of unob-
served variables that are correlated with both the
hearing variables and the random error term,
which would cause the hearing coefficient esti-
mates to be biased.

To neutralize the effects of these unobserved
variables, a fixed effects framework takes advan-
tage of the fact that we will be using panel data for
the estimation, where the observations for all vari-
ables x for clients i (1, …, n) are recorded over
a number of years t (1, …, T) and so take the form
xit. In our panel, a subject’s particular visit is the
unit of observation. However, because in our sam-
ple a subject may have visited an ADC more than
once in any particular year, to ensure uniqueness,
we interpret the panel variables to be represented
by xiv, where visit numbers are v(1, …, V). A fixed
effects model can be one-way, focusing on either
i or v, or two-way where both i and v are subject
to fixed effects. For our man results, we are going
to apply a one-way fixed effects model to v, and
leave to the sensitivity analysis the application of
two-way models.

Our fixed effects model assumes that, for each
of the visits, many of the unobserved influences
will be unchanged. So, for example, the trained
clinicians undertaking the interviews for any par-
ticular visit number are the same persons, making
the same clinical judgments; or the time taken to
undertake, say, the first visit interviews all take
uniformly longer. This means that the unobserved
variables can be represented by a set of intercepts
αv that varies by visit number, but not by indivi-
dual. In principle, αv is subtracted from the error
term uiv, which previously could have been corre-
lated with the unobserved variables, to form a new
error term εiv The new error term can safely now
be assumed randomly and independently distrib-
uted with a mean of zero. The fixed effects regres-
sion equation for our panel data study is:

Div ¼ α0 þ α1H0iv þ α2HAiv þ α3Aiv

þ αZZiv þ αv þ εiv (6)

where the α coefficients are the regression para-
meters to be estimated.

There are 12 visits in our data set. With the set of
intercept dummy variables for visits included in
Equation (6), the estimation technique is called the
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least squares dummy variable regression (LSDV).
The fixed effects model is most appropriate when
all clients make the same visit number at the time
when a sample is collected. Nevertheless, when dif-
ferent visit numbers appear at the same time
a sample is collected, as in our data, there may not
be distinct visit intercepts. The intercepts are con-
stant for some visit numbers, but random across
samples when persons with different visit numbers
with different constant intercepts are included. So,
for example, someone making a particular visit
number is interviewed by one set of trained clini-
cians, while othersmaking the same visit number are
interviewed by a different set of trained clinicians.
Or the first visit duration is not the same amount
longer in different samples. In this case, the random
effects model could apply, which involves a visit
error term uv being left in the error term εiv.

To see whether one can rely on the fixed effects
model or the random effects model, Hausman
(1978) proposed a test based on the difference in
the two sets of regression coefficient estimates. Since
the fixed effects estimates are consistent even when
uv is correlated with the independent variables, but
the random effect is inconsistent with such
a correlation, a statistically significant difference is
interpreted as evidence against the use of the ran-
dom effects model, which implies that our fixed
effects regression Equation (6) can be used for esti-
mation purposes, see Wooldridge (2002). In the
estimation results in Tables 1 and 2 we report the
Hausman test results (as FootNote †††† in both
tables), confirming the need to rely on the fixed
effects coefficients.

The effects of hearing and dementia on utility

The second estimation equation has utility U as
the dependent variable, and dementia symptoms
D and the set of hearing variables H as the inde-
pendent variables, again with the vector Z as con-
trols. We will also express the second regression as
a fixed effects model and leave it to the Hausman
test to confirm that this is preferable to the ran-
dom effects model.

The regression equation for U in a panel data
format is, with βv as the set of visit dummy vari-
ables and the other β coefficients are the regres-
sion parameters to be estimated:

Table 1. LSDV estimates for fixed effects models of hearing
variables on dementia (p-values in parentheses)†.
Variable Without Controls With Controls

H0: α1 – 0.4804***
(0.000)

– 0.3630***
(0.000)

HA: α2 – 0.7937***
(0.000)

– 0.7251***
(0.000)

Age A: α3 0.0302***
(0.000)

0.0337***
(0.000)

Medicare – 0.7583***
(0.000)

APOE (1 Copy) 0.9493***
(0.000)

APOE (2 Copies) 2.2881***
(0.000)

Height – 0.0536***
(0.000)

Female – 1.028***
(0.000)

Ln Education – 1.7409***
(0.000)

Constant 0.4496
(0.101)*

9.0354***
(0.000)

Number of Obs. 16,596 13,894
R2 Within 0.0151 0.0773
F†† 21.59***

(0.021)
11.45***
(0.000)

Chi-Squarec††† 276.08***
(0.000)

92.32***
(0.000)

†Both equations also include 11 of the 12 visits variables.
††Significance levels on coefficients: *10%; **5%; ***1% .
†††The F-test is for the null that all the αv are equal to zero.
††††The Chi-square is the Hausman test for the null that the difference
between the fixed and the random coefficients estimates are not
systematic.

Table 2. LSDV estimates for fixed effects models of hearing
variables on the GDS (p-values in parentheses).†
Variable Without Controls With Controls

H0: β1 – 0.0623
(0.396)

– 0.0541
(0.455)

HA: β2 – 0.4519***
(0.000)

– 0.4078***
(0.000)

Age A: β3 0.0039*
(0.087)

0.0046*
(0.080)

CDR-SB: βD 0.1427***
(0.000)

0.0468***
(0.000)

Medicare – 0.8573***
(0.000)

Ln Education – 0.6444***
(0.000)

Married – 0.1367***
(0.000)

Independent Level L1 – 0.9072***
(0.000)

Constant 1.7817***
(0.000)

5.1691***
(0.000)

Number of Obs. 16,033 15,914
R2 Within 0.0396 0.0675
F†† 4.12***

(0.000)
2.90***
(0.001)

Chi-Squarec††† 80.58***
(0.000)

41.25***
(0.000)

†Both equations also include eleven of the twelve visits variables.
††Significance levels on coefficients: * 10%; ** 5%; *** 1% .
†††The F-test is for the null that all the βv are equal to zero.
††††The Chi-square is the Hausman test for the null that the difference
between the fixed and the random coefficients estimates are not
systematic.
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Uiv ¼ β0 þ β1H0iv þ β2HAiv þ β3Aiv

þ βDDiv þ βZZiv þ βv þ γiv (7)

The utility effects of hearing aids

From Equation (7), we derive the direct effect of HAs
on utility: @U

@HA = β2; and from Equations (6) and (7)
we obtain the indirect effect of HAs on utility:
@U
@D

@D
@HA = βD α2. As explained in connection with

Equation (1), our measure of U in regression
Equation (7) will use data specified in GDS units,
which needs to be inverted and rescaled to be con-
verted to positive and unit interval QoL units.
Consequently, the benefits of HAs presented in
Equations (5a) and (5b) will be estimated by:

Direct Benefits:

P� LYð�β2=15Þ (8a)

Indirect Benefits:

P� LYð�βD=15Þα2 (8b)

V. The selection of the controls for d and U

From the econometric point of view, there is a big
difference between estimating Equation (6) and
Equation (7). Equation (6) is a causal model. As
such, one must be careful not to include as con-
trols any variables that are in any way endogen-
ous. Thus, behavioural variables must be excluded
to avoid the possibility of reverse causation. For
example, being married (or not) could be
a function of one’s dementia status. Similarly,
one’s type of residence could also be caused by
a person’s dementia symptoms, as dementia may
prevent a person from living independently. As
a result, neither being married nor living indepen-
dently are included as controls to test Equation
(6). Years of education and Medicare eligibility
were included as controls because prior published
papers by Brent (2018a, 2018b) had shown them
to be exogenous for determining dementia by
using explicit identification strategies. The other
controls used to test Equation (6) are hereditary
factors (height and family dementia variables
which include one and two copies of the gene
Apolipoprotein E, APOE e4) and demographic

characteristics (race and gender) that are prede-
termined and have to be exogenous.

On the other hand, Equation (7) is not
a causal model. The GDS dependent variable
is being used as a proxy for measuring utility.
The utility function is simply an index which
lists all its ingredients. There can be no reverse
causality. For this reason, being married and
living independently can be included to
describe what utility consists of. These two
variables are added as controls to test
Equation (7), together with the other controls
from testing Equation (6) that were found to be
statistically significant.

VI. The description of all the variables used in
the study and the data summary

All the variables to be used in the two estimation
equations are listed in Table 3 together with their
definitions.

The definitions come from NACC’s
‘Description of NACC Derived Variables to be
Used in Data Analysis’ (August 2014) and
NACC’s Uniform Data Set (UDS) ‘Coding
Guidebook for Initial Visit Packet’ (last modified
14 January 2014). When there was no missing
information, there were 17,341 observations.
Actual sample sizes for the estimation equations
were dependent on the number of missing obser-
vations for variables included in the particular
regression equation.

Table 4 gives the data summary in terms of
the number of observations, mean values, stan-
dard deviations and minimum and maximum
values for the sample that was used to carry out
the estimation of Equation (6). We can see that,
on average, subjects had 15 years of education
(the antilog of 2.74), scored a 2 on the CDR-SB
dementia scale, and the QoL was ‘good’ (had
a 1.90 value for the GDS). The average age was
80 years. In our sample, 43% were females, 94
were white, 30% had one copy of APOE e4, 4%
had two copies, and 70% lived completely inde-
pendently (living level 1). Only 7% could hear
normally without a hearing aid, and 87% could
hear normally with the assistance of
a hearing aid.
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VII. Estimation results

Estimating the effects of the hearing variables on
dementia symptoms

The estimates for Equation (6) are in Table 1. All
variables are statistically significant at well below
the 1% level. The results with the controls are the
more meaningful ones and these are the ones that
will be discussed in detail. As the Hausman test

rejects the null that the difference between the
fixed effects and the random effects are not sys-
tematic, the fixed effects with controls results are
the relevant ones.

As expected, hearing normally with and without
an HA has a negative impact on dementia symp-
toms. Interestingly, HAs reduce CDR-SB twice as
strongly as does hearing normally without HAs
(the difference between α1 and α2 is highly statis-
tically significant). Note that on the CDR-SB scale,
0.5 is the difference between a unit change in
a domain being detected by the evaluator and
a ‘don’t know’ verdict. So in this sense, the –
0.7251 reduction that HAs produce has economic
significance and not just statistical significance.
The third hearing variable, age, has a small, yearly,
positive impact on dementia symptoms. It would
take about 11 years of ageing to offset the hearing
advantages of normal hearing without an HA, and
nearly 22 years of ageing to offset the hearing
advantages provided by wearing an HA.

Of the controls that were interventions in their
own right in prior CBAs, i.e., Medicare eligibility
and years of education, the results from the panel

Table 3. Definitions of all the variables.
Variable Description

D: CDR-SB Clinical Dementia Rating (CDR) Sum of Boxes (SB).
Total CDR score based on Memory, Orientation, Judgement & Problem Solving, Community Affairs, Home & Hobbies,
Personal Care, each of the six categories on a scale of 0 to 3.

Geriatric Depression Scale (GDS) Total GDS score.
Sum of the 1s for the 15 ingredients of the GDS scale, short form.

H0 Without a hearing aid, is the subject’s hearing functionally normal?
1 = Yes; 0 = No if any functional impairment exists (reduced ability to do everyday activities such as listening to the
radio or television, talking with family and friends).

HA If the subject is wearing a hearing aid, is the subject’s hearing functionally normally?
1 = Yes; 0 = No if any functional impairment exists (reduced ability to do everyday activities such as listening to the
radio or television, talking with family and friends).

Age A Subjects age at time of visit.
Medicare Is the subject eligible for Medicare?

Age ≥ 65 = 1; Age < 65 = 0.
APOE (1 copy) Number of Apolipoprotein E (APOE e4) 1 copy.

1 = 1 copy of e4 allele; 0 = No e4 allele copy or 2 e4 allele copies
APOE (2copies) Number of Apolipoprotein E (APOE e4) 2 copies.

1 = 2 copies of e4 allele; 0 = No e4 allele copy or 1 e4 allele copy
Height Subject’s height in inches.
Female Subject’s sex.

Female = 1; Male = 0
Ln Education Subject’s years of education in natural logs.
Married Subject’s marital status is married.

Yes = 1; All other statuses = 0.
Independence Living Level L The subject’s level of independence.

L1 = Able to live independently,
L2 = Requires some assistance with complex activities,
L3 = Requires some assistance with basic activities,
L4 = Completely dependent.

White NIH race definition.
1 = White; 0 = Non-White.

Visits Number of UDS visits at NACCs.

Table 4. Descriptive statistics for all the variables.

Variable Number Mean
Standard
Deviation Minimum Maximum

CDR-SB 13,894 1.98 3.16 0 18
GDS 13,548 1.90 2.27 0 15
H0 13,894 0.07 0.26 0 1
HA 13,894 0.87 0.33 0 1
Age A 13,894 80.47 8.28 21 106
Medicare 13,894 0.96 0.19 0 1
APOE (1 copy) 13,894 0.30 0.46 0 1
APOE (2 copies) 13,894 0.04 0.20 0 1
Height 13,894 65.92 4.10 48 79
Female 13,894 0.43 0.50 0 1
Ln Education 13,894 2.74 0.22 0 3.4
Married 13,857 0.62 0.49 0 1
Independence Level L1 13,878 070 0.46 0 1
Independence Level L2 13,878 0.21 0.40 0 1
Independence Level L3 13,878 0.08 0.27 0 1
Independence Level L4 13,878 0.02 0.12 0 1
White 13,866 0.94 0.24 0 1
Visits 13,894 3.73 2.48 1 12
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data analysis confirms the fact that they signifi-
cantly lower dementia symptoms. Hereditary fac-
tors played a strong role in explaining dementia
symptoms, as one copy of APOE e4 increased the
CDR-SB by one point and two copies increased
the CDR-SB by two points. Height had
a significantly, small negative effect.

Being female had a negative one-point effect on
the CDR-SB. Although females are more likely to
have dementia, one of the main reasons for this is
that women live longer than men do. Once one
controls for age, and hereditary factors, it may be
that the fact that females are generally healthier
than men are helps to explain the negative female
dementia effect in our results. In particular, HL
among the elderly (presbycusis) is higher for
males than females.3 Thus, as Equation (6) contains
HL, we are also effectively controlling for this posi-
tive male influence on dementia symptoms helping
to render the female effect on dementia negative.

Estimating the effects of the hearing variables on
utility

The estimates for Equation (7) are in Table 2. For
interpretation purposes, it is important to recall that
the dependent variable GDS was an inverse proxy
for QoL. Therefore, a negative sign means that the
variable concerned improves QoL and a positive
sign indicates an adverse utility effect. Again, the
fixed effects with controls results are the relevant
ones. All the variables (but two of the hearing vari-
ables) were significant at least the 1% level.

The only one of the hearing variables that was
significant was HA and this raised utility (lowered
the GDS) as expected. It would seem that recovering
the capacity to hear after HL affects utility more than
having normal hearing in the first place. Being
elderly, by itself, did not lower utility. Having
dementia symptoms decreased utility (raised the
GDS) and this was the necessary second step for
HAs to have positive indirect benefits, given that
HAs had previously been found to lower CDR-SB.
All four controls (Medicare eligibility, years of edu-
cation, being married and living independently)
raised utility levels.

VIII. The benefit components and the resulting
benefits estimates

There are five components that make up the direct
and indirect benefits of HAs expressed in equa-
tions (8a) and (8b): β2, βD, α2, P and LY . We take
estimates for the three utility components β2, βD,
α2, from Tables 1 and 2. What remains to be
explained is our methods for estimating P and LY.

The price of a QALY

Our estimate of P builds on the method first
developed by Hirth, Chernew, and Miller et al.
(2000), see Brent (2014). Their method was
based on the idea that, if one could obtain an
independent estimate of the lifetime benefits
B from being in a particular health state, then
one can back out the implied value of P for an
annual QALY. Hirth et al. consider a number of
alternative measures for B. We are going to con-
centrate solely on a willingness to pay measure
based on revealed preferences between occupation
risk and wages in the labour market, in which case
B will be given by the value of a statistical life
(VSL). Since our sample consists of mainly the
elderly, it is the VSL of older adults when they
were most recently working that is relevant for our
purposes. By reversing B = P × QALY we obtain:

P ¼ B
QALY

¼ VSL
LY � U

(9)

The P in Equation (9) will be calculated in two
steps. In the first, there will be no quality of life
adjustment and U will be set equal to 1. In this
context, P reduces to VSL/LY, which is simply the
value of a statistical life year (VSLY). The second
step entails applying the quality of life adjustment
to the VSLY obtained in the first step.

For the first step, it is important to recognize
that the VSL is accumulated over a lifetime and
thus requires discounting to be reduced to an
annual value. If the social discount rate is r, and
the age-specific years of life expectancy is L, the
relation between the VSLY and the VSL is given
by Aldy and Viscusi (2008) as4

3See Fortunato, Forli, and Guglielmi et al. (2016).
4See Aldy and Viscusi (2008), Equation (6).:
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VSLY ¼ r VSL

1� 1þ rð Þ�L (11)

Aldy and Viscusi (as well as Hirth et al.) used the
standard discount rate used in health-care evalua-
tions of r = 3% as recommended by Gold, Siegel,
and Russell et al. (1996). The oldest age cohort
covered by Aldy and Viscusi in their VSL esti-
mates was 55 to 62 years, and the VSL at
62 years was found to be $5.09 million in 2000
dollars. Using this discount rate and VSL figure,
and taking the life expectancy at 62 years to be
L = 23,5 Equation (11) produces a VSLY estimate
of $310,000.6

For the second step, which involves adjusting
the VSLY for U, we follow Hirth et al. and use the
age-specific quality of life estimates that come
from the Beaver Dam Health Outcomes Study,
see Fryback, Dasbach, and Klein (1993). We take
the U estimate based on the Quality of Well-Being
index (QWB) developed by Kaplan and Anderson
(1988). The average QWB for males and females
over the two age ranges 65–74 and 75–84 was
0.70.7 With U = 0.70 in Equation (9), and
a VSLY of $310,000, the estimate of P is $442,857.

The number of life years

The LY in the direct benefits Equation (8a) will not
be the same duration as the LY in the indirect
benefits Equation (8b). The HAs provide direct
utility benefits throughout the remaining life of
the subject and not just for the period when
dementia sets in. So, for the direct benefits, the
life expectancy is 23 years as this was used in the
calculation of P. For the indirect benefits, the utility
comes from the reduction in dementia symptoms
that HAs provide and this occurs just when the
client has dementia. We take the median life expec-
tancy for a subject first diagnosed with dementia as
11 years (see Aneshensel, Pearlin, and Mullan et al.
1995) and this is our estimate for the LY for the
indirect benefits.8

The resulting estimates of the benefits of hearing
aids

We take the coefficient estimates for β2, βD and
α2 from the fixed effects with controls regression
equations in the results section. This is because,
as explained earlier, the Hausman test indicates
that one can reject the null that there is no
systematic difference between the fixed and the
random effects estimates, and one knows in
advance that the fixed effects estimates are con-
sistent. From Table 1, α2 = - 0.7251, and from
Table 2, β2 = – 0.4078 and βD = 0.0468.
Consequently,
we obtain as our estimates of (8a) and (8b):

Direct Benefits = $442,857 × 23 (0.0272) = $276,916.

Indirect Benefits = $442,857 × 11 (0.0023) = $11,021.

A final adjustment to the benefits estimates just
derived is necessary because of the fact that all of
our analysis so far has been in terms of wearing
HAs that result in normal hearing, and not all
HAs are effective. Of the 16,907 visits by clients
wearing HAs, 14,587 had normal hearing, an
effectiveness rate of 86.28%. Multiplying the two
categories of benefits of normal hearing from HAs
by 0.8628 adjusted direct benefits of $238,917 and
adjusted indirect benefits of $9,508. This makes
the lifetime total benefits of purchasing, and wear-
ing, HAs $248,425.

IX. The costs of hearing aids

The costs of HAs come from the Cost-Utility Analysis
carried out by Abrams, Chisolm, and McArdle
(2002). They cost separately the HAs and the post-
fitting support services, which were called audiologic
rehabilitation (AR). Since our data on HAs relates to
subjects whose hearing is restored to being normal,
we will assume that the HAs we are costing do work
reasonably effectively and so include the AR costs in
addition to the costs of the HAs. The total costs per
HA person were determined to be $1,119. The data

5Based on the Social Security Actuarial Life Tables (2016) for 2013.
6Note that the average VSLY estimated by Aldy and Viscusi for all age groups in the range 18 to 62 years was $302,000. It makes sense for our VSLY estimate
for the oldest age cohort to be higher than the average because those aged 62 years have a shorter lifespan than the average, and Mason, Jones-Lee, and
Donaldson (2009) argue that the fewer remaining years a person has, the higher will be the value of a QALY.

7See Fryback et al. Table 4.
8This is the duration a caregiver has to look after someone who is first diagnosed with dementia until the patient’s death.
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were collected between 1999 and 2001. So we assume
they were in 2000 prices and approximately contem-
poraneous with the benefits figures presented earlier.

Since Donohue, Dubno, and Beck (2010) report
that most individuals (77%) with HL require two
devices, we will use double the $1,119 price of one
HA, i.e., $2,238, to be our estimate of the one-time
cost of wearing HAs. Donohue et al. also indicate
that the average life of hearing instruments is four
to six years. To simplify, we will assume that
corresponding to the direct benefits period that
lasts 23 years, five sets of HAs would be required.
Discounted at 3%, this makes the present value of
the lifetime HA costs $8,498.9

X. The net benefits and sensitivity analyses

Subtracting the costs of $8,498 from the $248,425
total benefits figure produces a net-benefits
amount of $239,927, with a benefit–cost ratio of
29.23. Clearly, HAs are very socially worthwhile.

Because the net-benefits amount is so favourable,
and the policy implications of the CBA so important,
it is necessary to check the robustness of the results
to alternative scenarios that would reduce the esti-
mates of the benefits or raise the estimates of the
costs. Our CBAmethodology used P and QALYs for
the benefits, andwe consider variations for these two
ingredients first. Then, we consider raising the costs.

A lower price for a QALY

For our main estimate of P, we took the $310,000
which was the VSLY amount and utility adjusted it
(that is, divided it by the utility of an LY for an
elderly person which was 0.70) to produce the
$442,857 figure that we used as our best estimate
for P. So one alternative is to stick with a full quality
life year and not divide by 0.70. Keeping the
$310,000 value for P would lower the net-benefits
by about a third. The effectiveness adjusted direct
benefits were $167,242; the effectiveness adjusted
indirect benefits were $6,656, and the net benefits
were $165,400 with a benefit–cost ratio of 20.46.

A lower number of QALYs due to using lower
bound utility estimates

The number of QALYs generated corresponded to
utility being enhanced from HAs with the number
of life years considered fixed. There were three
coefficients that formed the utility gains in the
estimates of the direct and indirect benefits
expressed in Equations (8a) and (8b). Instead of
the best estimates, we can replace the three coeffi-
cient estimates with those that come from the
lower bounds of the 95% confidence intervals. In
this case, we have: α2 = – 0.5726, β2 = – 0.3030 and
βD = 0.0308. The new benefits results were:

Direct Benefits = $442,857 × 23 (0.0202) = $205,751.

Indirect Benefits = $442,857 × 11 (0.0015) = $7,253.

With the effectiveness adjustment, and the deduction
of the costs, the net-benefits would again be reduced
by about a third. The direct benefits were $177,518;
the indirect-benefits were $6,258; the net benefitswere
$175,278 with a benefit–cost ratio of 21.63. The
‘switching value’ for the effectiveness adjusted indirect
net-benefits to be zero was only β2 = – 0.0145. There
was thus an almost zero chance that HAs do not
improve QoL and, in this way, be socially worthwhile.

A lower number of QALYs due to using an
alternative estimation technique

This variant also provides different values for the
benefits via alternative estimates for the three utility
coefficients α2, β2 and βD. For the main results, the
three coefficients came from one-way fixed effects
models used to estimate Equations (6) and (7). As
an alternative, we will apply a two-way framework
that allows for both visits and individual effects to be
used as controls. We take all the independent vari-
ables specified in Tables 1 and 2, together with the set
of 12 visit dummy variables, and add the set of 6,116
individual dummy variables. Since a two-way fixed
effects model cannot be applied in this context,
a random effects model was used as the estimator.10

9For discounting purposes, the purchases of the five hearing aids were assumed to take place in years 0, 5, 10, 15 and 20.
10A full fixed effects model cannot be used when (as in our case) some of the independent variables included in an equation are time invariant. For example,
years of education occurred long before people started checking for dementia, and so the education levels were the same for each visit to the ADCs that
any individual makes. This can be easily understood to be a problem by considering the de-meaned interpretation of the fixed effects estimator. Each
education observation for a visit would be the same number (set prior to the first visit). As the mean would also be the same number, subtracting the
mean would result in no within-visits variation for the education variable.
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The estimates from the random effects model were:
α2 = – 0.3073, β2 = – 0.1738 and βD = 0.0637. Again
using Equations (8a) and (8b) we found:

Direct Benefits = $442,857 × 23 (0.0116) = $118,018.

Indirect Benefits = $442,857 × 11 (0.0013) = $6,357.

With the effectiveness adjustment, and the deduc-
tion of the costs, the net-benefits once more are
reduced by about a third. The direct benefits were
$101,824; the indirect-benefits were $5,485; the
net benefits were $101,483 with a benefit–cost
ratio of 18.42.

A higher cost estimate

Turning now from benefit alternatives to cost
variations, we consider the special case where
HAs are replaced annually rather than every four
years as in our baseline estimates. Although this is
clearly a worst-case scenario, this is a useful exer-
cise if, for no other reason, it is a very simple way
of allowing the effects of the technological change
to impact the CBA of HAs. De Silva, Thakurb, and
Xiec (2013) find that manufacturer prices, and
hence HA costs, depend crucially on the technical
design of HAs. The smaller the size (at best it is
completely-in-the-canal of the ear and largely con-
cealed) and the more advanced the processor type,
the higher the premium a firm charges for the HA.
The role then of the heroic assumption of the
annual replacements of HAs is envisaging indivi-
duals taking advantage of an industry with
assumed rapidly advancing technologies that
annually improve comfort and effectiveness (with-
out lowering prices to the consumers).11

Purchasing an HA for $2,238 annually for
23 years at a discount rate of 3% had a present
value of $37,854. This cost figure is 4.54 times larger
than our baseline cost estimate. Nonetheless, the
net-benefit at $210,571 is only reduced by 12% by
this higher cost with the benefit–cost ratio still being
large at 6.31.

XI. Summary and conclusions

We carried out a CBA of HAs in which we estimated
the direct utility benefits, and also included
the indirect utility benefits working through
a reduction in dementia symptoms. The benefits
methodology involved using QALYs as the outcome
measure and then applying the price of a QALY to
convert the outcome measure into monetary terms.
The price of a QALY was derived from an age-
specific VSL estimate given in the literature, with
life expectancies being different for those with and
without dementia. We took a conservative approach
whereby the QALYs generated by HAs only came
from increasing utilities and not extending the life-
spans of wearers. The direct and indirect effects of
HAs on utility were estimated from a fixed effects
regression on a large panel data set provided by
NACC where we used a negative proxy for the
QoL. We also used a fixed effects regression for the
estimate of the indirect benefits involvingHAs redu-
cing dementia symptoms.

Our results confirm the findings in the literature
that HAs reduce the symptoms of dementia. As
expected, reducing the symptoms of dementia
increases a client’s quality of life, as does hearing
normally due to wearing an HA. We found that the
total benefits, mainly coming from the direct benefits,
were around a quarter of a million dollars and very
large relative to the costs, with a benefit–cost ratio of
around 30. However, the indirect benefits were size-
able in that, even if they were the only category of
benefits, they alone would be sufficient to cover the
HAs costs. The capacity for HAs to reduce the symp-
toms of dementia needs to be acknowledged and
added to the list of interventions helping to mitigate
the spread of this increasingly prevalent disease.

At this time, Medicare does not cover the costs
of HAs.12 Given our CBA results, this needs to be
changed, as investing in HAs is something very
socially worthwhile and current private market
utilization levels do not reflect their advantages.
Although Medicare has been shown to reduce the
symptoms of dementia, and pass a CBA test as
a beneficial intervention in its own right, Medicare

11There is ample evidence that the HA market is highly concentrated, see, for example, Blustein and Weinstein (2016a). This is why the advantages of the
technological advances may not be passed on to the consumer as lower prices.

12According to the original amendments to the Social Security Act in 1966, Medicare cannot cover HAs. However, some Medicare Advantage plans do cover
HAs, see Blustein and Weinstein (2016b).
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could have even more beneficial effects if HAs are
included as a standard part of the health insurance
package provided to older adults.
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