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Abstract

Background: During the last decade, the rapid expansion of universal neonatal hearing screening (UNHS) has brought into focus
questions about the most appropriate screening technology for this indication.
Objectives: The main aim of this study was to examine the cost-effectiveness of automated auditory brainstem response (AABR)
and otoacoustic emissions (OAE) in universal neonatal hearing screening programs.
Methods: This economic study was performed in Iran. A decision tree model was applied for economic evaluation of the AABR and
OAE devices used in UNHS. The main inputs of our model included the prevalence of hearing loss in Iran, device sensitivity, specificity
and cost per case, as well as definite diagnosis of each newborn. Upon collection, these inputs were analyzed with TreeAge economic
analysis software. Sensitivity analysis was conducted upon examining the probability of uncertainty concerning the inputs.
Results: For a one-year period and a one-million population of newborns, the UNHS entails a cost of $3,310,700 and detects 4,650
newborns with hearing loss, using the AABR device. However, if the OAE device is used, the cost will be expanded to $3,414,100 and
3,850 newborns with hearing loss will be detected. Consequently, the AABR device costs $103,400 less than the OAE device, and
detects 800 more cases than the OAE device. Sensitivity analysis results revealed that the prevalence rate or costs of the gold standard
had no effect on displacing the dominant technology.
Conclusions: In this study, it was found that the AABR is the cost-effective alternative compared to OAE. AABR dominates OAE, be-
cause it has lower expected costs and higher effectiveness.

Keywords: Cost-Effectiveness Analysis, Newborn Hearing Screening, Automated Auditory Brainstem Response, Otoacoustic
Emissions

1. Background

Hearing impairment in infants is a particularly seri-
ous obstacle to their optimal development and educa-
tion, including language acquisition. According to a range
of studies and surveys conducted in different countries,
around 0.5 - 6 in every 1,000 neonates and infants have con-
genital or early childhood onset sensorineural deafness or
severe-to-profound hearing impairment (1). In Iran, the
prevalence of hearing loss is 5 in 1,000 live births on aver-
age (2). Deaf and hearing-impaired children often experi-
ence delayed development of speech, language and cogni-
tive skills, which may result in slow learning and difficulty
progressing in school (1).

There is scientific evidence to suggest that early iden-
tification (three-six months) and administration of appro-
priate intervention at or before six months of age provides

children with impaired hearing with the opportunity to
develop normal speech and language. As a result, many
countries have implemented neonatal hearing screening
programs (3-10). The rationale for implementing a univer-
sal neonatal hearing screening programs is that it can de-
tect more deaf infants, providing a greater opportunity for
them to experience normal language development, while
providing overall benefits in terms of reducing the disabil-
ity and improving the health and well-being of the chil-
dren (11).

There are two main screening interventions gener-
ally available to a number of healthcare systems world-
wide. These interventions are based on electrophysiologi-
cal methods: Otoacoustic emissions (OAE), and automated
auditory brainstem response (AABR) (1). Both AABR and
AOAE are non-invasive, rapid screening tests. OAE mea-
sures sounds that are produced by the cochlea to response
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to acoustic stimulation, and AABR measures electroen-
cephalographic waveforms in response to clicks (12-15).

Factors such as limited funding, workforce shortage
and the inadequate provision of follow-up and support ser-
vices have prevented the implementation of the neonatal
hearing screening program in the vast majority of develop-
ing countries (16).

Kemper et al. (17) conducted a survey entitled “A
cost-Effectiveness Analysis of Newborn Hearing Screening
Strategies.” The main objective of their study was to com-
pare the two screening strategies: Universal screening, and
targeted screening. In this two-stage procedure, OEA and
AABR were the applied devices, respectively. However, in
this research, the main objective was to compare AABR and
OAE devices for implementing universal newborn hearing
screening under a one-stage procedure. In Iran, hearing
screening is conducted by implementing universal strat-
egy, and OAE is the most applied device. Hence, this study
aimed to compare the cost-effectiveness of this device and
that of AABR in performing universal newborn hearing
screening. We aimed to find why OAE is still the most ap-
plied device in conducting UNHS when AABR is apparently
more accurate and cost-effective in the long run.

During the last decade, the rapid expansion of uni-
versal neonatal hearing screening (UNHS) programs has
brought into focus questions about the most appropriate
screening technology for this indication. The high preva-
lence of hearing loss, its subsequent burden on the health
system, and the ethical issues surrounding its delayed di-
agnosis have necessitated the implementation of UNHS
programs. However, due to the limited resources of the
health system, and the possible associated outcomes and
costs that these devices may have, we sought to perform
a cost-effectiveness analysis (CEA), as each of these devices
may have extra benefits for the UNHS program. Eventu-
ally, it may be used as a tool for evidence-informed policy-
making in the field of UNHS in Iran, and for optimizing re-
sources to control hearing loss and its resultant burden. To
our knowledge, this was the first formal study to focus on
the economic evaluation of screening programs for hear-
ing impairment in Iranian newborns.

2. Objectives

The high prevalence of hearing loss and its subsequent
burden on the health system and the ethical issues sur-
rounding its delayed diagnosis have necessitated the im-
plementation of neonatal hearing UNHS programs. How-
ever, due to the limited resources of the health system, and
the possible associated outcomes and costs that these de-
vices may have, we sought to perform a CEA, as each of

these devices may have extra benefits for the UNHS pro-
gram. The main objective of this study was to examine the
cost-effectiveness of AABR and OAE in UNHS programs. Fur-
thermore, it may be used as a tool for evidence-informed
policy-making in the field of UNHS in Iran, and for optimiz-
ing resources to control hearing loss and its subsequent
burden.

3. Methods

We applied a decision tree model with a time horizon
of one year to economically evaluate the AABR and OAE de-
vices used in UNHS. Our perspective was the health care sys-
tem, and we only considered the direct costs. We defined
effectiveness as the number of neonates with hearing loss,
whose hearing status has been correctly detected upon us-
ing either of the devices.

In general, the cost-effectiveness of these two devices
was analyzed based on the annual birth rate statistics. The
diagnostic accuracy of the two devices was derived from
an up-to-date and high quality research (i.e., Heidari et al.’s
systematic review and meta-analysis in 2016), and newborn
screening and definite diagnosis costs were derived from
hearing screening centers in Iran. In other words, this
study is not a primary research (like a cohort); rather it is
considered as a secondary study.

3.1. Rationale of the Model

In this model, we assumed a one-million-cohort popu-
lation of neonates, who were screened during the first 24
hours of birth, using one of the AABR or OAE devices in a
single stage, and without loss to follow up (decision node).

These devices identify the screened neonates as nor-
mal or abnormal. This detection may be true or false,
and its possibility depends on the prevalence of the hear-
ing loss, and the sensitivity and specificity of the devices.
Here, hearing loss was defined as permanent congenital bi-
lateral hearing loss exceeding 35 dB, presuming that the
screening has been performed by an audiologist. There-
fore, no error occurs due to the operator’s insufficient skills
(chance node).

The newborns detected as positive (whether true or
false) by the clinical Auditory Brainstem Response (ABR)
device-as the gold standard-are considered to be definitely
diagnosed. An audiologist performs this test, and the
model presumes that its accuracy is 100%. The remain-
ing newborns, whose results are negative (whether true or
false) are discharged and not followed up (terminal node).

Each device has four branches and end nodes, and their
expected cost is determined as follows:
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- Branch A/A’ : The cost of screening and definite di-
agnosis of newborns, reflecting with true positive hearing
loss, is included under this branch.

- Branch B/B’ : The cost of screening for newborns,
showing false negative hearing loss, is included under this
branch.

- Branch C/C’ : The cost of screening and definite diag-
nosis of newborns, showing false positive normal hearing,
is included under this branch.

- Branch D/D’ : The cost of screening for newborns,
showing true negative normal hearing, is included under
this branch.

The total costs of these four branches indicate the total
cost of each device in NHS. Our expected effectiveness for
each device was calculated by multiplying the number of
newborns entering the model by prevalence, and by device
sensitivity.

3.2. Model Inputs

The main inputs of this model include the prevalence
of hearing loss in Iran, device sensitivity and specificity, the
cost of screening, and definite diagnosis of each newborn.
Upon collection, these inputs were analyzed with TreeAge
economic analysis software.

The data related to device sensitivity and specificity
were collected through a recent systematic review and
meta-analysis. This study was based on Cochrane Insti-
tute’s standard method for diagnostic accuracy studies.

Only one research has been conducted to analyze the
sensitivity and specificity of the OAE, which was meta-
analyzed in a systematic review by Heidari et al. [18]. No
study was found investigating the sensitivity and speci-
ficity of AABR devices. Given that sensitivity and speci-
ficity are among the technical specifications of the devices
and they are not affected by geographical and local envi-
ronmental factors, it seems that meta-analysis studies con-
ducted in other countries can be generalized to similar
studies in Iran.

Furthermore, to extract relevant data on the preva-
lence of hearing loss, we focused mainly on the high qual-
ity, up-to-date studies with large sample sizes conducted
in Iran. Thus, we searched the most important domestic
databases such as Magiran, SID, and IranMedex, using the
following keywords: ‘Hearing loss’, ‘newborn’ and ‘preva-
lence’.

The economic analysis in this study was conducted
from the perspective of the healthcare system on eval-
uating cost-effectiveness. In this study, the cost of the
newborns’ screening and the cost of definite diagnosis of
newborns’ hearing ability were calculated based on the
sources of cost used in hearing screening and definite di-
agnosis, and not based on the costs in private clinics.

To determine the costs, the sources of costs were identi-
fied first, and then the amount of each source was quanti-
fied and evaluated. Only the direct costs were considered
to identify the sources. The unit cost was determined in
two steps: In the first step, the unit cost of each of the de-
vices was outlined for screening; and in the second step,
the unit cost of the gold standard was outlined. In these
two steps, cost findings include the costs of device pur-
chase, repair and maintenance, annual depreciation, lo-
cation, consumer products, required infrastructures, em-
ployees’ salaries and wages, human resources training,
overhead costs, taxes and other direct costs. Based on these
costs and the variables presented in Table 1, the unit cost
per newborn was estimated.

Through contacting five audiology equipment manu-
facturers either by phone or in person posing as a cus-
tomer, we obtained information about each device’s cost,
lifespan, and salvage value across the country. The remain-
ing sources of cost and the variables presented in Table 2
were designed in the form of a questionnaire. Fifteen ex-
perienced audiologists employed in centers offering active
UNHS programs completed the questionnaire. Eventually,
after collecting the questionnaires, Delphi method was ap-
plied to analyze and summarize them.

Since the costs were calculated based on the currency
in Iran, the exchange rate of 36,350 Iranian Rial (IRR) was
used to convert the costs into the U.S. dollar.

In this study, attempt was made to examine the direct
costs of human resources. These costs covered the salary
and benefits of an audiologist and/or a technician or a sec-
retary, and they did not require training. Moreover, lo-
cation, overhead and infrastructure costs were not taken
into account, because the devices are now portable and the
screening test can be performed at the mother’s bedside or
in the newborn’s special bed during the first 24 hours of
life before the mother is discharged from the hospital.

Since there is no manufacturing company in Iran that
recycles scrapped devices, zero was assigned to the salvage
value of the devices.

Finally, upon examining the probability of uncertainty
concerning the inputs, particularly cost data and the
prevalence rate of hearing loss, sensitivity analysis was
conducted in view of the maximum and minimum values
of these parameters (with the assumption of keeping the
other parameters constant).

4. Results

4.1. Sensitivity and Specificity

Based on the systematic review and meta-analysis con-
ducted by Heidari et al. (18) on the sensitivity and speci-
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Table 1. Costs Estimates

Parameter Baseline (Range), $ Reference

AABR OAE Gold standard

Device purchase 5,503 - 7,153 4,127 - 5,777 17,882 - 22,009 AE

Repair and maintenance during a year 165 - 220 110 - 165 413 - 551 AE

Infrastructure 0 0 2,751 - 4,127 AE

Testing and general supplies cost per newborn 0.58 - 0.72 0.33 - 0.47 1.1 - 1.38 AE

The monthly salary of a human resource 771 - 881 771 - 881 771 - 881 AE

Location (monthly rent) 0 0 193 - 358 AE

Monthly overhead 0 0 110 - 165 AE

Abbreviation: AE, authors estimate.

Table 2. Variables Required for Estimating the Costs

Variables AABR OAE Gold Standard

The device’s lifespan 6 years 6 years 6 years

Salvage value $0 $0 $0

Average duration of
test for one newborn

17 min 12 min 60 min

Average duration of
device function in one
day

3 hour 2 hour

Mean screening of
newborns in one day

11 infants 15 infants 2 infants

Average number of
working days in a year

288 days

Mean screening of
newborns in one year

3,168 infants 4,320 infants 576 infants

ficity of AABR and OAE devices compared to the ABR de-
vice (as the gold standard), the pooled sensitivity and speci-
ficity of the AABR device were reported to be 0.93 and 0.97,
respectively. These figures were 0.77 and 0.93 for the OAE
device, respectively (Figure 1).

4.2. The Prevalence of Hearing Loss and the Annual Birth Rates
in Iran

Based on the study conducted by Firoozbakht et al. (2),
the prevalence of congenital hearing loss in Iran varies
from two to eight in 1,000 live births, which has been esti-
mated to be five in 1,000 live births on average. The annual
birth rate in Iran has been estimated to be one million on
average (19). In general, between 2,000 and 8,000 (a mean
of 5,000) newborns are born with permanent congenital
hearing loss in Iran annually.

4.3. Costs

Neonatal screening with the OAE device costs between
$1.6 and $2.2. This figure is between $2.3 and $2.9 for the
AABR device. On the other hand, the definite diagnosis of
a newborn, using the ABR device costs between $19.2 and
$22. Mainly, the average cost per newborn screening, using
the OAE and AABR devices, was estimated at $1.9 and $2.6,
respectively, and it was estimated at $20.6 for the definite
diagnosis.

4.4. Cost-Effectiveness Analysis

According to the decision tree and the data presented
in Table 3, if hearing screening is performed in a one-
million cohort population of newborns (considering the
annual birth rate), using the OAE device, it will entail the
following probable costs and outcomes:

1) 925,350 newborns with normal hearing will be de-
tected correctly with a cost of $1,758,165.

2) 69,650 healthy newborns will be falsely detected as
having hearing loss. With respect to the cost of screening
and the cost of the gold standard for 69,650 newborns, it
will cost $1,567,125.

3) 3,850 newborns with hearing loss will be correctly
detected; and taking into account the cost of the gold stan-
dard for this number, it will cost $86,625.

4) 1,150 newborns with hearing loss will be falsely de-
tected as healthy. In addition to a cost of $2,185, they will
eventually enter a delayed stage of intervention, followed
by its subsequent complications.

If universal hearing screening is carried out with the
AABR device in the same population, it will entail the fol-
lowing costs and outcomes:

1) 965,150 newborns with normal hearing will be de-
tected correctly, with the cost of $2,509,390.
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Figure 1. Decision of the Tree Model

P, Prevalence; T+, True Positive; T-, True Negative; F+, False Positive; F-, False Negative; Sn, Sensitivity; Sp, Specificity.

2) 29,850 healthy newborns will be falsely detected as
having hearing loss. With regards to the cost of screening
and the cost of the gold standard, it will cost $692,520.

3) 4,650 newborns with hearing loss will be correctly
detected; taking into account the cost of the gold standard
for this number, it will cost $107,880.

4) 350 newborns with hearing loss will be falsely de-
tected as healthy. In addition to a cost of $910, they will
eventually enter a delayed stage of intervention, followed
by its subsequent complications.

The universal NHS entails a cost of $3,310,700, and de-
tects 4,650 newborns with hearing loss for a one-year pe-
riod and a one-million population of newborns, using the
AABR device. If the OAE device is used, the cost will exceed
to $3,414, and 3,850 newborns with hearing loss will be di-
agnosed. Collectively, the AABR device costs $103,400 less
than the OAE device, and detects 800 more cases compared
to the OAE device. Thus, according to the results, the AABR
device imposes fewer costs and has greater effectiveness.

4.5. Sensitivity Analysis

Bearing in mind the minimum prevalence rate, the
AABR device is $115,760 less costly than the OAE device, and
detects 320 more affected newborns compared with the

OAE device. If the maximum prevalence rate is taken into
account in the model, the AABR, compared with the OAE
device, costs $91,040 less and detects 1,280 more affected
newborns.

Upon considering the minimum and maximum costs
related to the gold standard, the difference between the
cost of the two devices is $48,800 and $158,000 in favor of
the AABR device. Under similar circumstances, the AABR
can detect 800 more newborns with hearing loss com-
pared to the OAE device.

Considering the minimum cost of screening with the
OAE device or the maximum screening cost with the AABR
device, the difference between the cost of the two devices
in screening favors the OAE device, with $196,600. Never-
theless, it can detect 800 fewer newborns with hearing loss
compared to the AABR device.

As there was no vagueness surrounding the diagnostic
accuracy of the results of the devices, this parameter did
not undergo sensitivity analysis.

5. Discussion

Based on the findings, the unit cost of screening per
newborn of the AABR was higher compared to the OAE de-
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Table 3. Results of the Model Inputs

Model Inputs AABR OAE Gold standard Reference

Pooled sensitivity 0.93 0.77 1 (8)

Pooled specificity 0.97 0.93 1 (8)

Prevalence of hearing loss 5 in 1000 live births (2)

Annual birth rates one million (9)

Average costs per newborn $2.6 $1.9 $20.6 AE

Abbreviation: AE, authors estimate.

vice. Moreover, if NHS is performed among the live popu-
lation of newborns over a year, the prevalence of hearing
loss will decline in Iran. Therefore, in addition to the high
diagnostic accuracy of AABR compared to OAE, and the fact
that it entails less costs, the AABR device may prevent de-
layed interventions in 800 newborns and the subsequent
complications that may ensue. The number of false posi-
tive results (i.e., the newborns who were healthy but falsely
detected as cases) was far less in the AABR method than in
the OAE method, imposing less costs (direct, indirect and
intangible), stress and anxiety on the newborns’ families.

In this study, effectiveness was defined as the percent-
age of newborns, whose hearing status was correctly de-
tected by each of the two devices. This effectiveness was
grounded on the diagnostic accuracy of the devices. In
other countries, three studies have been conducted on the
economic analysis of these devices for screening. Although
they have defined effectiveness by the number of referred
cases, their conclusions are in line with those obtained in
this research (20-22).

According to Lin et al. [20], in addition to the lower di-
rect medical and intangible costs of the AABR compared
to the OAE device, the number of referred false positives
was also significantly smaller. Vohr et al. (21) stated that
although the unit cost of newborn screening is slightly
higher in the AABR technique than in the OAE technique,
its referred cases are fewer. Likewise, Lemons et al. (22) be-
lieve that the AABR is a good substitute for the OAE, as it en-
tails fewer referred cases and lower total costs per screened
newborn.

Sensitivity analysis results showed that the minimum
or maximum prevalence rate of hearing loss had no ef-
fects on displacing the dominant technology, and that the
AABR device was associated with lower costs and greater
effectiveness. The minimum and maximum costs of the
gold standard also indicated that the AABR costs less and
has greater effectiveness. Upon considering the minimum
costs of the OAE or the maximum costs of the AABR, the
screening procedure employing the AABR is associated

with higher costs and effectiveness. Under such circum-
stances, determining the cost-effective device depends on
the threshold that specifies how much the detection of a
newborn with hearing loss before the age of three months
is valued in a country.

In this model, it was estimated that if the UNHS pro-
gram was conducted with the AABR device for a year, the
health system would undergo a cost of approximately
$3,310,700. However, the health system may have to un-
dergo far more costs to efficiently cover this program as
many issues such as equity, access to health services, and
the limitations of this study remain to be solved.

5.1. Study Limitations

This analysis was based on a one-million-cohort popu-
lation of annual births, which overlooked the loss to follow
up. Here, it was assumed that the newborns were screened
only once during their first 24 hours of birth, and the clin-
ical ABR device only confirmed the rejected cases (posi-
tive cases). However, in reality, newborns may be screened
many times before a definite diagnosis is reached; and usu-
ally, such a diagnosis is achieved through multiple tests. In
this study, the focus was chiefly on the direct costs, and the
indirect service-related costs were not considered. Hence,
the estimate presented in this study for the unit cost may
not be representative of the real costs. Here, the numbers
of correctly detected cases have been employed as crite-
ria for effectiveness, and the outcomes following the defi-
nite diagnosis and undetected cases have not been investi-
gated. Such outcomes may include the final effect of hear-
ing loss on language and speech development, communi-
cation skills, emotional developments and academic ad-
vances. The outcomes of the two groups should have been
outlined by considering a wider time horizon, and then,
a more realistic CEA of the hearing screening should have
been undertaken. In this model, we presumed that an au-
diologist with the necessary skills performed the screen-
ing. Thus, we managed common errors that might have
occurred due to the operator’s insufficient skills. In real-
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ity, insufficiently skilled operators may perform the screen-
ing, as there may be a lack of skilled audiologists. Thence,
the error created by the operator can affect the screening
results.

We recommend conducting further studies in which
costs are considered from the public’s viewpoint, with a
wider time horizon, and employing quality of life as a mea-
sure for effectiveness. Furthermore, we recommend de-
signing a model for neonatal screening that reflects the op-
erator’s error, loss to follow-up, and the other aforemen-
tioned limitations.

5.2. Conclusions

The AABR device is a non-invasive, rapid, safe and sim-
ple technology that can be employed in UNHS programs.
In case of shortage of skilled and expert work force, it can
be easily taught to other personnel. The high sensitivity
and specificity of this device, compared to that of the OAE
device, not only reduces the number of falsely referred
cases, but also detects a greater percentage of newborns
with hearing loss. Eventually, better clinical effectiveness
may be achieved. Furthermore, considering the annual
birth rate, the prevalence rate of hearing loss, and the high
diagnostic accuracy of this device in the long run, it can be
stated that this device imposes lower costs than the OAE
device. In conclusion, if the required infrastructure is pro-
vided for UNHS programs, the aforementioned technology
can be used as a cost-effective tool in such programs.
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