
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=iija20

International Journal of Audiology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/iija20

Modelling the cost-effectiveness of a newborn
hearing screening programme; usability and
pitfalls

Hans L. J. Hoeve, André Goedegebure, Gwen Carr, Adrian Davis, Allison R.
Mackey, Andrea M. L. Bussé, Inger M. Uhlén, Birkena Qirjazi, Jan Kik, Huibert
J. Simonsz & Eveline A. M. Heijnsdijk

To cite this article: Hans L. J. Hoeve, André Goedegebure, Gwen Carr, Adrian Davis, Allison
R. Mackey, Andrea M. L. Bussé, Inger M. Uhlén, Birkena Qirjazi, Jan Kik, Huibert J. Simonsz
& Eveline A. M. Heijnsdijk (2023): Modelling the cost-effectiveness of a newborn hearing
screening programme; usability and pitfalls, International Journal of Audiology, DOI:
10.1080/14992027.2023.2177892

To link to this article:  https://doi.org/10.1080/14992027.2023.2177892

© 2023 The Author(s). Published by
Informa UK Limited, trading as Taylor &
Francis Group on behalf of British Society
of Audiology, International Society of
Audiology, and Nordic Audiological Society.

Published online: 17 Feb 2023.

Submit your article to this journal Article views: 554

View related articles View Crossmark data

Citing articles: 1 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=iija20
https://www.tandfonline.com/loi/iija20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14992027.2023.2177892
https://doi.org/10.1080/14992027.2023.2177892
https://www.tandfonline.com/action/authorSubmission?journalCode=iija20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iija20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/14992027.2023.2177892
https://www.tandfonline.com/doi/mlt/10.1080/14992027.2023.2177892
http://crossmark.crossref.org/dialog/?doi=10.1080/14992027.2023.2177892&domain=pdf&date_stamp=2023-02-17
http://crossmark.crossref.org/dialog/?doi=10.1080/14992027.2023.2177892&domain=pdf&date_stamp=2023-02-17
https://www.tandfonline.com/doi/citedby/10.1080/14992027.2023.2177892#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/14992027.2023.2177892#tabModule


ORIGINAL ARTICLE
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Hearing Detection and Intervention, Ribble Valley, UK; cVision and Eye Research Unit, Anglia Ruskin University, Cambridge, UK; dCLINTEC,
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fDepartment of Ear, Nose and Throat Diseases - Ophthalmology, University of Medicine of Tirana, Tirana, Albania; gDepartment of Public
Health, Erasmus MC University Medical Centre, Rotterdam, the Netherlands

ABSTRACT
Objective: The EUSCREEN project concerns the study of European vision and hearing screening pro-
grammes. Part of the project was the development of a cost-effectiveness model to analyse such pro-
grammes. We describe the development and usability of an online tool to enable stakeholders to design,
analyse or modify a newborn hearing screening (NHS) programme.
Design: Data from literature, from existing NHS programmes, and observations by users were used to
develop and refine the tool. Required inputs include prevalence of the hearing impairment, test sequence
and its timing, attendance, sensitivity, and specificity of each screening step. Outputs include the number
of cases detected and the costs of screening and diagnostics.
Study sample: Eleven NHS programmes with reliable data.
Results: Three analyses are presented, exploring the effect of low attendance, number of screening steps,
testing in the maternity ward, or screening at a later age, on the benefits and costs of the programme.
Knowledge of the epidemiology of a staged screening programme is crucial when using the tool.
Conclusions: This study presents a tool intended to aid stakeholders to design a new or analyse an exist-
ing hearing screening programme in terms of benefits and costs.
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Introduction

The World Health Organisation recommends the adoption of
universal newborn hearing screening (UNHS) in all communities
with available rehabilitation services (WHO 2017). UNHS is con-
sidered beneficial and cost-effective as it results in a lower age of
identification and intervention, improved language development
and lower societal costs (Yoshinaga-Itano 2021).

Hearing screening in children was studied as part of the
EUSCREEN project. This extensive project involved an inventory
of existing hearing screening provisions for newborns and chil-
dren in 47 European and some additional countries or regions.
For this purpose, a consortium of country representatives was
formed (Buss�e 2021).

The results of the inventory showed that most European
countries have firmly established nationwide universal NHS pro-
grammes. However, the screening protocols differ considerably
in the number of screening steps, timing of the steps in terms of
the infant’s age and the interval between steps (Buss�e 2021;
Mackey 2021). The rationale for these choices appears to be
based more on expert opinion and local circumstances than on
scientific evidence. Calculating the cost-effectiveness of hearing
screening programmes may provide a more objective method to
determine the most optimal screening protocol, tailored to rele-
vant circumstances.

Earlier reported evaluations of costs and effectiveness of hear-
ing screening programmes concerned issues as screening versus
no screening, selective versus universal screening, or hospital ver-
sus community screening, but no detailed screening protocols
were compared (Keren 2002; Grill 2006; Huang 2012).

The EUSCREEN project also included the implementation of
a newborn hearing screening (NHS) programme in Albania
(Buss�e 2020a). Based on the results in Albania, a model to ana-
lyse the cost-effectiveness of hearing screening programmes was
developed (Verkleij et al. 2021). The model enables comparison
of various screening protocols for the Albanian situation.

In this article, we describe the development of a web tool to
calculate the cost-effectiveness of various newborn hearing
screening programmes and how the web tool can be of benefit
to health care officials when designing or analysing a newborn
hearing screening programme. We illustrate this by analysing
and interpreting the outcomes of some common NHS protocols.

Methods

From MISCAN model to web tool

The web tool is derived from the microsimulation model devel-
oped to simulate various NHS protocols in Albania. The model
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is based on the Microsimulation Screening Analysis (MISCAN),
used to evaluate cancer screening programmes (Heijnsdijk 2015;
van Hees 2015; Sankatsing 2015). In this microsimulation model,
individuals are followed from birth to death. Infants may have
permanent hearing impairment at birth or acquire it later. When
present at birth, it can be detected by screening using otoacoustic
emissions (OAE) or automated auditory brainstem response
(aABR). A screening protocol usually includes several screening
steps. Infants who do not pass the initial screen, return for one
or, if necessary, more repeat steps. The number of steps before
referral for diagnostic assessment, and the timing of the steps,
are variable.

Undetected hearing loss will become manifest later in life.
The outcomes from the model are the number of screening tests,
referrals and children detected with hearing loss by age and
severity of hearing loss (unilateral or bilateral and mild, moder-
ate, or severe) and costs of screening, diagnosis and treatment,
in situations with and without screening. By simulating various
screening programmes, the cost-effectiveness of the programmes
can be compared, as has been done for Albania (Verkleij et al.
2021).

To allow stakeholders to adjust the model to their own coun-
try-, region- or local-specific situation and to simulate their own
screening programme, we developed a web-based version of the
model, in which a number of parameters are adjustable. The web
tool is available at https://miscan.EUSCREEN.org/.

Structure of the web tool

The structure of the web tool is described in Figure 1. In respect
of a newborn hearing screening programme, the user is asked to
enter data on the size of the population, the prevalence of the
defined target HI (both uni- and bilateral) and characteristics of
the screening programme, the number of screening steps, timing
of the steps, type of hearing test (OAE or aABR), attendances,

sensitivity and specificity or referral rate of each step, attendance
at diagnostic assessment, and costs of test devices, salaries and
diagnostic assessment. Attendance is defined as the percentage of
infants tested out of the number eligible. An R-script translates
the input to usable parameters in the model and the model is
run with a sample size of one million individuals. A second R-
script multiplies the model output with the costs and calculates
the output: the number of tests performed, number of referrals
to diagnostic assessment, cases detected versus missed, costs of
screening, costs of diagnostic assessment, and cost per case
detected. The results are presented in tables and graphs on the
website and are stored in a downloadable pdf file together with
the input data of the specific run.

Further developing the web tool: pilot testing, shortcomings
and modifications

Country representatives from the EUSCREEN consortium and
experts from the EUSCREEN project contributed to the develop-
ment of the web tool through monthly discussions on the choice
of the parameters to be adjusted, the clarity of the descriptions
and the layout of the tool. Representatives from Albania,
Belgium Fl., Israel, Netherlands, Spain, Sweden and the United
Kingdom pilot-tested their NHS programmes (national or
regional) in the web tool.

It appeared that entering realistic values for sensitivity, speci-
ficity and attendance was not always self-evident. This was par-
ticularly true for specificity values in the consecutive screening
steps.

Relevant knowledge was gleaned from the literature and epi-
demiology of diagnostic testing, including a systematic review on
referral rates of NHS programmes, along with data from the
EUSCREEN inventory regarding NHS (Mackey 2022).

The test specificity appeared to vary considerably per screen-
ing step in a single programme and also between programmes
(Table 1). Possible reasons for these variations and how they
may affect outcomes were explored (see Discussion section).

To support the user of the tool in this respect modifications
were made: offering a choice between specificity or referral rate,
and use of the guidance mode (see Final web tool).

The calculations made by the web tool were verified as much
as possible. However, a full validation could not be performed as
this would require a full dataset also including long term data,

R-script that translates the input by the 
user into parameters for the model

Model run for a population of 
1 million newborns

R-script that scales the results 
and calculates costs

Presentation of the results 
on the website and as a PDF

Population size 
Cost of screening and diagnosis 
(salary, equipment, overheads)

Input by the user at the website 

Prevalence 
Screening  programme 

Test characteristics 
Attendance

Figure 1. Structure of the web tool.

Table 1. Referral rates and specificities per screening step in well baby NHS of
several European and other countries.

Referral rates (%) Specificities (%)

st 1 st 2 st 3 st 4 st 1 st 2 st 3 st 4

Austria OAE-OAE 6 51 94 50
Belgium Fl aABR-aABR 4 40 96 62
Belgium W OAE-OAE 15 24 85 77
Cyprus OAE-OAE-aABR 4 15 n.a. 96 88
Greece OAE-OAE-aABR 13 30 n.a. 87 71
Ireland OAE-OAE-aABR 6 50 n.a. 94 51
Israel OAE-aABR 4 55 96 46
Netherlands OAE-OAE-aABR 4 34 18 96 68 90
Slovenia OAE-OAE 2 31 98 73
Spain As OAE-OAE-OAE 8 23 61 92 78 42
Sweden St OAE-OAE-OAE-aABR 4 31 73 60 96 71 29 46

The available referral rates with high validity (EUSCREEN inventory data) were
converted to specificities, using values of prevalence 1.2/1000, attendance 100%
and sensitivity 99%. Referral rates of step 3 from Cyprus, Greece and Ireland
were not available.
(Fl: Flanders; W: Wallonia; As: Asturias; St: Stockholm; st: screening step; n.a.:
not available).
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which unfortunately is not available. A limited validation using
Dutch NHS data showed that the tool produced satisfactory out-
come data (see Appendix, Table A1).

Final web tool

The tool is built with three types of hearing screening pro-
grammes in mind: NHS for well babies, NHS for infants treated
in a neonatal intensive care unit (NICU) or with other risk fac-
tors, and childhood hearing screening (CHS). The tool has been
developed with two modes: the expert mode which aims to help
healthcare officials to use the tool, and the guidance mode,
intended to expand the usability of the tool to those less familiar
with the detail of screening. In the guidance mode, as opposed
to the expert mode, the user is not required to enter values for
the sensitivity and specificity of each screening step. Instead, the
tool asks for a value of “programme quality” (low, medium,
high) to be entered. Programme quality encompasses test cir-
cumstances, training, experience, supervision of the screeners,
equipment, administration, and degree of organisation. The tool
then provides the corresponding values for sensitivity and speci-
ficity, depending on the programme quality, alongside the other
input: age of the infant, type of test and time elapsed since the
preceding test (Table A2 in appendix; http://tandfonline.com/
doi/suppl). The guidance mode is based on epidemiologic con-
siderations and should be regarded as an auxiliary to using the
tool. The proposed sensitivity and specificity values are intended
to guide the user and prevent seriously unrealistic outcome.

As regards Well baby NHS, the tool presents the following
pages to be filled out: “Geography and demography”,
“Guidance”, “Screening programme”, “Costs”, and “Treatment”.
A user may bypass the guidance mode by choosing expert mode
on the “Screening programme” page. Pages of the NICU/risk
NHS and CHS programmes are: “Geography and demography”,
“Screening programme”, and “Costs”. No guidance mode is
offered for these programmes.

Some relevant issues for which the tool may be of use
include: how to deal with low attendance, the effects of more or
fewer screening steps, and the possible consequences of screening
in the maternity ward compared to screening in the home. The
outcomes of tool runs, based on various NHS programmes will
be presented in Results. It is important to realise that these runs
are merely demonstrations. Under other circumstances or in
other countries or regions the outcomes may be different.

Results

Low attendance

When implementing NHS in Albania an OAE-OAE-aABR proto-
col was chosen, mostly based on expert opinion. The data
entered in this run were based on Albanian implementation
reports (Table 2). The attendance for the first screening step,
with mother and baby still in maternity, was high (97%). As the
attendances (after discharge from maternity) for the subsequent
steps (66% and 60%) and diagnostic assessment (70%) were low,
many HI cases remained undetected. As alternatives to the
three-step protocol, various two-step protocols were modelled.
All two-step protocols raised the detection from 4 to 8 of the 12
HI cases. Compared to the three-step protocol, the costs of
screening and diagnostics of the OAE-OAE and OAE-aABR pro-
tocols were lower. The aABR-aABR protocol was equally effect-
ive, but the most expensive alternative.

Number of screening steps

The second demonstration compares protocols that differed in
the number of screening steps (Table 3). Data were obtained
from the EUSCREEN NHS inventory of three mature NHS pro-
grammes Belgium Flanders, Netherlands and Sweden Stockholm
(Table 1). Adding a screening step to a test protocol increases
the programme specificity and decreases the programme sensitiv-
ity. The two-step protocol resulted in many more referrals to
diagnostics and a higher detection rate, compared to the three-
step protocol. This aABR-aABR protocol was the most expensive
(71% more than the three-step protocol), due to the high costs
of diagnostic assessment and the choice for the more expensive
aABR.

Unexpectedly, the extra step in the four-step protocol did not
reduce the number of referrals to diagnostics. Given the high
referral rates of the third (73%) and fourth step (60%), some
three-step protocols were modelled. The OAE-OAE-aABR proto-
col with a (not uncommon) 25% referral rate of the third step
was cheaper and more sensitive.

Maternity versus screening after discharge

The third demonstration compared screening in the maternity
ward with screening after discharge in a health centre or at a
home visit (Table 4). Completing the screening within the first
days after birth in the maternity ward facilitates high attendance
but at the expense of a lower specificity caused by the presence
of middle ear effusion. The protocol OAE-OAE-aABR with the
first two steps within a few days in the maternity ward was com-
pared to two protocols with a timing of the screening steps that
allowed for higher specificity. One protocol had lower attendance
(health centre) and the other had high attendance (home visits).
The maternity protocol was effective, but the referral rate to
diagnostics was high, resulting in high costs. Screening after dis-
charge and lower attendance saved costs, which could be spent
on home visits to raise attendance.

Discussion

During the development of the web tool relevant epidemiologic
knowledge was gathered regarding input parameters, which fac-
tors determine these, and what their effect is on the costs and
effectiveness of the screening programme. An overview of this

Table 2. Modelling an Albanian NHS programme.

OAE-OAE-aABR OAE-OAE OAE-aABR aABR-aABR

Input
Population screened 10,000

HI prevalence 1.2/1000
Timing screening steps (days) 2, 15, 22 2, 15 2, 15 2, 15
Attendances (%) 97, 66, 60 97, 66 97, 66 97, 66
Sensitivity all steps (%) 99 99 99 99
Referral rates (%) 7, 14, 42 7, 14 7, 5 7, 5
Devices needed OAE / aABR 30 / 5 30 25 / 5 30

Outcome
Number of tests 10,186 10,148 10,148 10,148
Number of referrals to DA 16 63 22 22
HI cases detected (of 12) 4 8 8 8
Costs of screening (e) 167,922 155,805 162,252 235,208
Costs of DA (e) 553 2,196 784 784
Costs of screening and DA (e) 168,475 158,001 163,036 235,992
Costs per case detected (e) 37,690 20,627 21,284 30,808

Attendance diagnostic assessment: 70%. Costs: devices OAE e6,500, aABR
e10,000, salary screener e3/hr, diagnostic assessment e50. (DA: diagnostic
assessment).
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knowledge is presented here, with the aim of providing further
assistance to health care officials when using the tool or design a
new programme.

Input parameters, their determinants and effect on outcome

Sensitivity and prevalence
In an NHS programme, the test sensitivity and prevalence values
are interdependent. The sensitivity of a hearing test is a subject
of study in many articles on NHS (Lutman 1997; Mason 1998;
Vohr 1998; Kezirian 2001; Davis 2001; Rissman et al. 2018). The
HI prevalence rate at birth is crucial in these studies to deter-
mine the number of missed cases. As the prevalence of HI at
birth is in fact an approximation, the reported sensitivity values
vary between wide ranges. A cautious conclusion from these
studies is that the test sensitivity in a mature NHS programme is
better than 90%.

Prevalence rates of HI (uni- and bilateral, >35 or 40 dB HL)
in newborns are reported to vary in well babies between 0.1 and
0.3% and in NICU infants between 1.5 and 2.5% (Van
Dommelen 2010; Van der Ploeg 2012; Van Kerschaver 2013;

Buss�e 2020b). The prevalence rates in these studies are deter-
mined retrospectively using necessarily imperfect methods and
should be interpreted with some caution. Considerable differen-
ces likely exist across various regions and socio-economic cir-
cumstances (Buss�e 2020b).

The parameter sensitivity must be estimated, taking into
account the programme quality: test circumstances, equipment
and experience of the screeners. Programme quality may also be
presumed to be related to socio-economic circumstances and
maturity of a programme.

Specificity
The specificity of a first screening step can quite accurately be
derived from the referral rate in an existing NHS programme,
because the prevalence of hearing impairment is low. The refer-
ral rate and specificity of the first step add up to 100% in a gen-
eral population of newborns. Inventoried NHS programmes
show fairly similar specificities of the first screening step, mostly
between 90 and 95%. Specificity will be lower during the first
few days after birth due to the presence of amniotic fluid in the
middle ear or vernix in the outer ear canal (Doyle 2000; Hergils
2007; Berninger and Westling 2011). The specificities of subse-
quent steps are rather variable and usually lower than in the
first step (Table 1). This counterintuitive finding is not
explained by the changing prevalence per screening step, as the
specificity of a test is independent of prevalence. Possible
explanations may be varying test circumstances or presence of
middle ear effusion (MEE) and, in relation to this the choice of
test, OAE or aABR. Test circumstances relate for example to
ambient noise, equipment (probe fitting), screener experience,
and handling of the newborn (Maxon 1997). These circumstan-
ces may contribute to a “refer” test result at a rather unknown
and varying frequency. Test circumstances are likely related to
programme quality, which may also vary within a screening
programme.

The target condition of NHS usually is sensorineural HI, not
temporary conductive HI. OAE and aABR detect a HI regardless
of these types. They will show a “refer” result not only in the
presence of a sensorineural HI (true positive), but frequently also
if middle ear effusion is present (false positive). Middle ear

Table 3. Three NHS protocols with different numbers of steps analysed by the web tool, and two alternatives for the OAE-OAE-OAE-
aABR protocol.

aABR-
aABR OAE-OAE-aABR

OAE-OAE-
OAE-aABR

OAE-
OAE-
OAE

OAE-
OAE-aABR

Input
Population 10,000

HI prevalence 1.2/1000
Timing screening steps (days) 10, 12 6, 18, 30 2, 18, 25, 25 2, 18, 25 2, 18, 25
Attendances all steps (%) 99 99 99 99 99
Sensitivity all steps (%) 99 99 99 99 99
Referral rates (%) 4, 40 4, 34, 18 4, 31, 73, 60 4, 31, 73 4, 31, 25
Devices needed OAE / aABR 25 25 / 5 30 / 5 30 25 / 5

Outcome
Number of tests 10,292 10,424 10,499 10,412 10,412
Number of referrals to DA 157 24 52 88 30
HI cases detected (of 12) 12 11 11 11 11
Costs of screening (e) 268,616 190,671 197,673 195,889 196,712
Costs of DA (e) 77,624 11,758 25,825 43,477 14,889
Costs of screeningþDA (e) 346,240 202,429 223,498 239,366 211,601
Costs per case detected (e) 29,618 17,695 19,973 20,924 18,497

The input of these alternatives is the same as for the OAE-OAE-OAE-aABR protocol, except for the third screening step of the OAE-
OAE-aABR protocol, for which a referral rate of 25% is entered.
Attendance diagnostic assessment: 99%. Costs: devices OAE e6,000, aABR e10,000, salaries e15/hr, diagnostic assessment e500. (DA:
diagnostic assessment).

Table 4. Maternity or screening after discharge with low and high attendances.

OAE-OAE-aABR Maternity
Health centre
low attendance

Home visit
high attendance

Input
Population screened 10,000

HI prevalence 1.2/1000
Timing screening steps (days) 2, 3, 28 6, 14, 35 6, 14, 35
Attendances (%) 99, 99, 95 95, 95, 95 99, 99, 95
Sensitivity all steps (%) 99 99 99
Specificity per step (%) 86, 50, 90 95, 70, 90 95, 70, 90
Devices needed OAE / aABR 25 / 5 25 / 5 25 / 5

Outcome
Number of tests 11,944 10,100 10,552
Number of referrals to DA 76 23 25
HI cases detected (of 12) 11 10 11
Costs of screening (e) 214,361 185,564 191,821
Costs of DA (e) 36,071 10,843 11,776
Costs of screening and DA (e) 250,433 196,408 203,597
Costs per case detected (e) 22,767 19,759 18,509

Attendance diagnostics: 95%. Costs: devices OAE e6,000, aABR e10,000, salaries
e15/hr, diagnostic assessment e500. (DA: diagnostic assessment).
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effusion may be present during the first days after birth as amni-
otic fluid, but also during the months after birth in relation to
otitis media. Otitis media may have a prevalence of 3-10%, and
thus determine to a great extent the number of (false) positive
test results and specificity (Teele 1989; Casselbrant and Mandel
2003).

These considerations relating to middle ear effusion may have
consequences for the design of an NHS test protocol. For
example, specificity may be optimised by scheduling the first
screening step soon after day 4 or 5 and the second step one or
two weeks later, to avoid MEE as much as possible. If testing
during the first days after birth is preferred, an aABR test could
be more appropriate than an OAE, which is more sensitive to
MEE (Lutman 1997; Mason 1998; Kezirian 2001; Mackey 2022).
Furthermore, planning a subsequent test seven days or more
after the previous one allows MEE to disappear, and change the
test result from “refer” to “pass”.

Number of screening steps
The programme sensitivity is inversely proportional to the num-
ber of screening steps. A test sensitivity of 95% will result in a
programme sensitivity of 86% in a three-step NHS programme.

Contrary to programme sensitivity, the programme specificity
benefits from more screening steps in the protocol.

Attendance
The attendance of a screening step is better when mother and
baby are still in the maternity ward or a programme with home
visits. The attendance at a health care visit depends on the
motivation of the parents, organisation and administration of the
NHS programme, and the socio-economic situation.

Outcome
Relevant outcome measures of an NHS programme are the
detection rate (effectiveness), and the total costs of screening and
diagnostics. The programme sensitivity drives the effectiveness,
while specificity determines the costs of a programme. High
attendance rates are associated with better effectiveness (higher
detection rate), but also higher costs (more tests).

Another commonly used outcome measure is the referral rate
to diagnostic assessment. A low referral rate, which is recom-
mended, may be attained by high specificity, but it should be
realised that also low attendance decreases the number of
referred infants.

Present and future of the web tool
The web tool is particularly suitable for analysing an existing or
a newly designed screening programme, for instance by varying
single input data and studying the effect on an outcome.

Further development of the tool may include analysis of the
benefit and costs of long-term treatment, in addition to ongoing
refinements of the tool based on the users experiences. A full
validation of the web tool remains necessary.

The tool also contains options to evaluate NICU and child-
hood hearing screening, which were not the focus of this article.
Further study of the epidemiology and inventory data of NICU
and childhood hearing screening, together with further consider-
ation of user experience with these options would be both obvi-
ous and desirable extensions to this work.

Conclusions

The web tool enables policymakers and programme coordinators
to adjust or design their country-, region- or locally-specific
hearing screening programme. Entering realistic values for
attendance, sensitivity and specificity and interpreting the out-
come of an analysis by the web tool, requires insight into what
determines these parameters and what effect they have on the
benefits and costs of an NHS programme.
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Appendix

Validation

We used data of the Dutch NHS programme of 2019 as input for
the tool and compared the number of infants detected with HI, the
number of tests performed and the number of infants referred to
DA (Table A1). The test sequence used in the Dutch programme for
well babies is OOA, alternative sequences (AA, OAA) were used in
a minority of infants. The programme report does not provide data
of the costs of screening and diagnostic assessment, but the number
of performed tests and number of infants referred to DA give a fair
indication.

Data are derived from Monitor NGS 2019 (https://www.pns.nl/
sites/default/files/2021-01/Monitor%20NGS%202019_definitief.pdf).

Data used as input into the model: N infants screened (all), refers
and attendances of each screening step (only OOA), attendance DA
(all), sensitivity and prevalence HI (estimated by the user).

The model calculates N tests, N refers to DA, N detected HI. A
user may calculate the expected number of HI cases in the screened
population (P x N infants), and compare that number with the
number detected.

Table A1. Validation of the model using Dutch NHS data.

Data Dutch NHS programme 2019OOA model predictions

OOA all infants input outcome

N infants screened 165,520 165,708 165,708
N tests

steps 1þ 2þ 3
174,836 174,524

Refers (%) step 1 4.4 4
Refers (%) step 2 32.7 33
Refers (%) step 3 21.4 21
Sensitivity (%) all

steps
unknown 99

Attendance (%) step 1 99.6 100
Attendance (%) step 2 99.6 100
Attendance (%) step 3 99.6 100
N refers to DA 488 606 459
Attendance (%) DA 92.7 93
N detected HI 206 228
Prevalence HI (x/1000) 1.4
P x N infants screened 232
% HI infants detected 98.7

NHS: Neonatal Hearing Screening; O: otoacoustic emissions A: automated audi-
tory brainstem response; N: number; DA: diagnostic assessment; HI: hearing
impairment; P: prevalence.
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A total of 606 infants were referred to DA in the Dutch NHS
programme, 488 through the regular OOA sequence, 7 through
OAA, and 3 through AA. The other infants (108) were referred to
DA before completing the whole test sequence.

The number of infants referred to DA predicted by the model is
459, considerably less than the number in the Dutch NHS
programme.

This is partly because the model only accepts rounded numbers
(no decimals) as input for refer percentages (and attendance).
Replacing the rounded model percentages by the Dutch programme
percentages would result in a model prediction of approximately 45
more infants referred to DA.

Secondly, the model calculates the outcome of the OOA
sequence. The AA and OAA sequences used in the programme
(with 10 infants referred to DA) were not part of the input. Thirdly,
the referral of infants before completing the test sequence is not
addressed by the model. The reason for early referral is probably in
several cases the presence of external symptoms related to hearing
impairment, but the reasons for referral or numbers are not
reported. These early referrals will increase the numbers referred to
DA in a programme to varying degrees.

These considerations may lead to the conclusion that the model
outcome “N refers to DA” is better related and compared to the
programme “OO” refers (plus the refers from other test sequences)
than to the “all infants” refers to DA of the programme.

Another significant observation concerns the difference in num-
bers “detected HI” in the model and in the programme. This

number is determined, next to attendance, by prevalence and sensi-
tivity which have to be estimated by the user of the model. A small
reduction of the sensitivity (or prevalence) will suffice to eliminate
the difference.

In conclusion: the main measure of effectiveness of a hearing
screening programme, the number of infants detected with HI, as
calculated by the model, compares reasonably well with the Dutch
data, just like the number of tests and the number of infants referred
to DA which, to a limited extent, indicate costs.

Table A2. Guidance mode.

Sensitivity: all screening steps

programme quality low / medium high
sensitivity (%) 95 99

Specificity screening step 1
age (days) 0 1 2 3 4 or more
OAE specificity (%) 65 71 86 92 94
aABR specificity (%) 73 79 90 93 94
programme quality low medium high
specificity reduced by 10 5 0

Specificity subsequent screening steps
interval between steps (days) 0 1-7 >7
specificity (%) 30 50 60

Values of sensitivity determined by the quality of the screening programme;
specificity values of screening step 1 determined by age, the type of test and
quality (a reduction for low and medium quality), and specificity values of sub-
sequent steps, determined by the duration of the interval since the previous
step.
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