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ORIGINAL ARTICLE

Assessment of hearing screening programmes across 47 countries or regions I:
provision of newborn hearing screening

Andrea M. L. Buss�ea†, Allison R. Mackeyb†, Hans L. J. Hoevea, Andr�e Goedegeburea, Gwen Carrc, Inger M. Uhl�enb,
Huibert J. Simonsza and for the EUSeREEN Foundation�
aDepartment of Otorhinolaryngology and Head, Neck Surgery and Department of Ophthalmology, Erasmus University Medical Center,
Rotterdam, The Netherlands; bCLINTEC, Karolinska Institutet, Stockholm, Sweden; cIndependent consultant in Early Hearing Detection,
Intervention and Family Centered Practice, London, UK

ABSTRACT
Objectives: Newborn hearing screening (NHS) varies regarding number and type of tests, location, age,
professionals and funding. We compared the provision of existing screening programmes.
Design: A questionnaire containing nine domains: demography, administration, existing screening, cover-
age, tests, diagnosis, treatment, cost and adverse effects, was presented to hearing screening experts.
Responses were verified. Clusters were identified based on number of screening steps and use of OAE or
aABR, either for all infants or for well and high-risk infants (dual-protocol).
Study sample: Fifty-two experts completed the questionnaire sufficiently: 40 European countries, Russia,
Malawi, Rwanda, India and China.
Results: It took considerable effort to find experts for all countries with sufficient time and knowledge.
Data essential for evaluation are often not collected. Infants are first screened in maternity wards in most
countries. Human development index and health expenditure were high among countries with dual pro-
tocols, three screening steps, including aABR, and low among countries without NHS and countries using
OAE for all infants. Nationwide implementation of NHS took 6 years, on average.
Conclusion: The extent and complexity of NHS programmes are primarily related to health expenditure
and HDI. Data collection should be improved to facilitate comparison of NHS programmes across borders.
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Introduction

It has been 20 years since the first publications on the longstand-
ing benefits of early detection of hearing impairment (HI) and
intervention through newborn hearing screening (NHS) pro-
grammes (Yoshinaga-Itano and Apuzzo 1998a, 1998b;
Yoshinaga-Itano et al. 1998). Prior to NHS, methods used to
identify infants with HI included an inventory of risk factors or
universal screening using the distraction test. The distraction test
was not feasible until at least 7months of age, and results were
highly confounded by false positives and false negatives (Davis,
Bamford, and Stevens 2001). In the 1990s, objective hearing tests
such as otoacoustic emission (OAE) and automated auditory
brain stem response (aABR) allowed screening to be performed
at a much younger age. Using these tests reduced the cost per
infant tested by half (Stevens et al. 1998; Uus, Bamford, and
Taylor 2006). Reducing the age of hearing screening opened the
possibility for earlier intervention, minimising the impact of HI
on speech, language and general development and academic per-
formance (Ching et al. 2018).

Many countries, regions and hospitals across the world have
since implemented and sustained a universal NHS programme,
in which infants eligible for screening are defined as all infants
who are born in a certain country, region, or hospital. Variations
exist across countries in how newborn hearing screening pro-
grams are implemented, which may make it difficult for policy
makers and professionals in other locations to decide on best-
practice protocols. International position statements provide
some guidance for best practice (European Consensus Statement
on Neonatal Hearing Screening 1999; Joint Committee on Infant
Hearing 2007; World Health Organization 2009). Furthermore,
differences exist in health care environments across countries.
Hearing screening experts or policy makers may need to adapt
guidelines and construct protocols for the successful implementa-
tion of NHS in their local health care environment (World
Health Organization 2009). All NHS programmes aim to identify
infants with HI early in life so that appropriate intervention may
be provided, but different approaches are used to reach this
shared goal (World Health Organization 2009; Sloot et al. 2015;
Vos et al. 2016).
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Existing NHS programmes have been compared in a number
of studies. These studies differed in the methods used, the coun-
tries or regions included, and the scope of the study (World
Health Organization 2009; White 2011; Sloot et al. 2015;
Vos et al. 2016; Kanji, Khoza-Shangase, and Moroe 2018). These
studies identified common screening sequences used across exist-
ing NHS programmes. An aABR protocol with multiple steps
was most prominently used for infants with an increased risk for
HI or retrocochlear dysfunction. An OAE protocol was most
prominently used for infants without this risk. However, the cen-
tral finding in these studies was that the choices made within
NHS programme organisation and protocol design are diverse
across countries. Within NHS, studies have not yet investigated
the nature of the diversity of protocol design, the interaction of
parameter choices, the country-specific factors behind the deci-
sions that drive policy on NHS, and the possibility of harmonis-
ing best-practice guidelines within Europe.

A more detailed and essential overview of implemented NHS
programmes is needed to inform policy makers on the consider-
ations for planning and implementing NHS. When making the
decision to implement an NHS programme, policy makers may
consider the local (health care) circumstances, previous experien-
ces, advice received from other programmes, or implementation
research performed within the programme or elsewhere. The
diversity between NHS programmes across regions and countries
makes it difficult for policy makers to decide on how to optimise
existing NHS programmes or how to implement a new NHS
programme in their country.

The EUSCREEN study evaluates and compares the cost-effect-
iveness of vision and hearing screening programmes. A decision-
analytic cost-effectiveness model is being developed to calculate
the optimal, most cost-effective vision and hearing screening
programme taking the local circumstances of a country into
account. This model will be made available to health care policy
makers to introduce, modify or disinvest screening programmes.
For the development of this model, detailed information regard-
ing hearing screening protocols, organisation of general prevent-
ive healthcare and local societal background was needed. We
therefore carried out a comprehensive inventory of hearing
screening in countries and regions, primarily in Europe.

This article and the accompanying article (Mackey et al.
2021) explore the results from this international inventory of
hearing screening programmes. Specifically, these articles evalu-
ate the existing approaches to NHS, its outcomes, and the pos-
sible features that influence NHS policy and performance. The
current article inventories the provision, status and features of
NHS in 45 countries to better understand the variability and the
rationale for the diversity across programmes. The factors
explored in this article include organisation, protocols, screening
targets, referral pathway, infant age, location, screening professio-
nals and funding. The accompanying article (Mackey et al. 2021)
details the effectiveness of NHS programmes from screening
quality measures. In these articles, NHS is defined as hearing
screening performed from birth to age 6months. A description
of childhood hearing screening programmes after the newborn
period will be reported on in a separate article.

Methods

Development of the questionnaire

A comprehensive questionnaire was developed to gather detailed
information on general paediatric, vision and hearing screening

programmes, following the success of a pilot study described in
Sloot et al. (2015). Within this pilot study, a short questionnaire
containing 25 questions was sent out to screening experts in 38
countries to measure their response, and almost all participated.
A focus group of hearing and screening experts formulated 191
questions on hearing screening. An additional 126 questions
were formulated on vision screening and 82 questions on general
screening. Questions were categorised into nine domains: dem-
ography and epidemiology, administration and general back-
ground, existing screening programmes, coverage and
attendance, tests and devices, follow up and diagnostic assess-
ment, treatment options, costs and benefits and adverse effects.

Three types of questions were used: open-ended, multiple-
choice and yes-no questions. Most of the questions were fol-
lowed by a sub-question about the source of the information
provided. A respondent could choose between (a) Data unavail-
able, (b) I don’t know, (c) Rough estimate, (d) Real estimate
from calculation, or (e) Actual data. The questionnaire then
asked for the name and date of the data source if indicated.

The EUSCREEN questionnaire (Supplementary Appendix 1)
was converted to a web-based questionnaire, accessible through
the EUSCREEN website (www.euscreen.org). As a separate con-
sortium partner within the EUSCREEN study, the EUSeREEN
foundation served to collect the data. So called Country
Representatives (CRs) were elected by a tender procedure as pre-
scribed by EU regulations, one for vision, one for hearing and
one for general screening for each country. They were awarded a
remuneration up to e2000 after they had sufficiently completed
their part of the questionnaire. CRs registered online and pro-
gressed through the tender procedure, in which their role in the
local screening programme and rights to data were assessed.
Once accepted, the CR could log in using a unique username
and password.

Formation of the Country-Committees Joint-Partnership of
EUSeREEN study consortium

The Country-Committees Joint-Partnership of EUSeREEN foun-
dation had been formed as an international collaboration of CRs
in hearing, vision and general screening. In each of these coun-
tries, CRs on hearing screening were actively searched through
screening organisations, publications in peer reviewed journals
on the subject, national audiology and ENT societies, existing
professional contacts and other CRs who had already registered.
CRs representing countries or regions outside of the original
selection were not actively searched, though they were welcome
to participate. The CRs were contacted through e-mail, telephone
calls and in-person meetings during conferences. When CRs
were unable to complete the questionnaire, measures were taken
to find additional CRs.

Collection of data

Preliminary efforts were made to collect data representing hear-
ing screening for an entire country, but in many instances hear-
ing screening programmes were organised and managed
regionally. In these circumstances, the questionnaire was
answered by a regional CR and these data were then considered
representative only for that regional screening programme.

The questionnaire was originally accessible on the
EUSCREEN website from March 2017 until December 2018.
Several CRs required significant time for receiving approval, cal-
culating results, and sharing outcomes from internal registries so
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the deadline for data submission was extended to 30 June 2019
(Figure 1, Supplementary Appendix 2). CRs were encouraged to
seek information and support from local contacts and resources
in their home country or region to help fill in any unknown
answers (e.g. costs of screening).

Multiple steps were taken to ensure the accuracy of the data.
First, CRs were asked to agree to an audit to validate responses.
Second, when multiple CRs agreed to answer the questionnaire
for the same programme, the same questions were asked to all
CRs. Third, the CRs were asked to cite the source of their
answers in all relevant cases and provide a copy to the research-
ers if accessible, additional sources were searched for and
accessed online. Source material was translated via Google
Translate when necessary for verification purposes. In order to
track any inconsistencies in the definitions of terms used in
the questionnaire, a glossary was created and distributed
(Supplementary Appendix 3).

Validation of answers and clarification

Each survey response went through a verification and validation
process (Figure 2, Supplementary Appendix 2). First, each
response was checked for completeness and was cross-checked
internally. In cases where multiple CRs completed the question-
naire for one programme, the consistency of each answer was
evaluated between respondents. In all cases, answers were eval-
uated to other similar answers provided by the same respondent.
Second, answers were cross-checked externally with source
material provided and acquired through a programme-specific
literature search. Third, a list of clarification questions was pre-
pared for each CR from any discrepancies noted in the verifica-
tion process. This list contained any questions pertaining to:
incomplete responses or inconsistencies noted during the verifi-
cation stage, accessible source material that was not provided,
responses based on a source that was not referenced, or
responses of actual values or calculations where the details were
not described or were inconsistent with the definition provided
in the glossary. Finally, a report was drafted illustrating the cur-
rent situation for childhood hearing screening in each participat-
ing country or region. Details of the definitions, source, and date
of data collection were also described. The CRs were sent a copy
of the report and provided their final comments and/or con-
firmed the final validity of the document.

Data management

Demographic data such as World Bank classification, gross-
domestic product (GDP) per capita, health expenditure and
human development index (HDI) were added. The HDI uses life
expectancy, education, and per capita income indicators to rank
countries (United Nations Development Programme 2019; The
World Bank 2019; World Health Organization 2019).

Programmes that use one test protocol to screen all eligible
infants, are referred to as single-protocol design. A dual-protocol
design is where a different protocol, which includes direct refer-
ral without screening, may be used for infants with an increased
risk of HI. This group mainly consists of infants admitted to the
neonatal intensive care unit (NICU); the other risk factors used
are described in detail in Table 1, Supplementary Appendix 2.
Infants with an increased risk of HI are referred to as “high-risk”
infants, and all other infants, infants born well, are referred to as
“low-risk” infants. Programmes that only screen high-risk infants
are defined as selective programmes.

Cluster analysis

A hierarchical agglomerative cluster analysis using a complete-
linkage method was performed in SPSS (v.26.0, SPSS Inc,
Chicago, IL), to identify groups of NHS programmes with similar
protocol designs. Due to the relatively small sample, the number
of variables that could be included in the cluster analysis were
restricted. Factors such as screening location, professional, and
infant age were not considered, as these decisions may be driven
by the existing local structure of postnatal care. The diversity of
decisions made on NHS protocol designs, however, was unex-
plained. Five variables were selected that comprehensively
described the entire NHS protocol design: the programme type
(no NHS programme, selective programme, single-protocol pro-
gramme, or dual-protocol programme), the choice of using OAE
only versus including aABR in the protocol for low-risk infants,
the number of steps for low-risk infants, the choice of using only
OAE in step 1 (i.e. without aABR/ABR) for high-risk infants, and
the number of steps for high-risk infants. The use of aABR tech-
nology in any step (low-risk) or step 1 (high-risk) was based on
strategies recommended by the Joint Committee on Infant
Hearing (2019). A category of “Not Applicable” was available for
each protocol variable and was assigned to countries without an
established NHS programme or with selective screening where
appropriate. Note that the definition of a “step” is that screening
is performed and a result (i.e. pass or refer) is obtained. When
both OAE and aABR screening tests are performed to obtain one
result (pass or refer), this is considered one step. Because insuffi-
cient information was provided regarding the different protocols
used across India, assigning values for these variables was not pos-
sible and India was not included in the cluster analysis.

Clustering NHS programmes into groups, can reveal key fac-
tors that may be related to design choices. In an agglomerative
method, clusters are built up into larger and larger groups until all
cases are included. This is represented in a dendrogram (Table 2,
Supplementary Appendix 2). The dendrogram displays how closely
countries or regions are linked together. The complete-linkage
method was used to create links between countries or regions, as
this method can be applied to categorical (nominal) data. In the
complete-linkage method, the maximum distance between two
clusters is calculated to determine the dissimilarity between all
cases, resulting in a dissimilarity matrix for all pairwise compari-
sons. A Chi-square measure was used to calculate this distance.
The resulting distance between clusters is that between the furthest
possible points (Defays 1977). The optimal number of clusters was
validated using the stopping rule with the agglomeration coeffi-
cients (indicating the heterogeneity between clusters) and a com-
parison of silhouette coefficients. Silhouette coefficients measure
the strength of cluster cohesion and separation. To apply the stop-
ping rule, the agglomeration coefficient chart was visually
inspected across an increasing number of clusters to identify the
point before a large drop in value. Finally, the dendrogram was
inspected to consider the utility of the clustering.

Kruskal–Wallis tests (a non-parametric test to compare inde-
pendent samples) were performed to evaluate measures of health
expenditure per capita and HDI across clusters. Health expend-
iture per capita was selected as it represents the potential finan-
cial resources available for NHS on a system level, and HDI was
selected as it represents a broader measure of social and eco-
nomic growth on an individual level (scale of 0–1). p-values
were adjusted by Bonferroni correction for multiple pairwise
comparisons where applicable.
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Results

Recruitment of hearing screening experts

Recruiting a local CR with knowledge about the local screening
programme was the preferred option for sharing and aggregating
data. However, the level of access to information of local CRs
needed to be established. It took considerable effort to identify a
single representative across all countries with the breadth of
knowledge and equally importantly the time to fill out the full
extensive questionnaire. For many programmes, CRs consulted
other professionals with knowledge of the requested information
to help them complete unknown answers. If the questionnaire
could not be completed fully, additional CRs were engaged to
complete the remainder of the questionnaire. This enabled data
supply from multiple sources covering elements such as costs,
prevalence and intervention options.

Even for some highly developed screening programs, some
information was not recorded within the programme or was not
accessible by the CR. This information was regularly unavailable
for questions on intervention, quality indicators, costs, preva-
lence, and sensitivity/specificity of screening. For questions on
NHS organisation, screening professionals, and target age and
conditions, over 90% of the countries or regions provided com-
plete answers (Figure 3, Supplementary Appendix 2).

During the collection of information, regular contact was
maintained with CRs to encourage the data completion.
Furthermore, CRs were supported when technical difficulties
occurred. When registered CRs encountered difficulties or did
not have access to the requested information, new CRs had to be
found. The first hearing CR registered on 12 April 2017, the last
complete questionnaire was submitted on 30 June 2019. It took a
considerable amount of time for CRs to collect all necessary
information and fill out the questionnaire. It took a mean of
114 days between registration on the website and submission of
the questionnaire (median of 44, range from 1 to 558 days)
(Figure 1, Supplementary Appendix 2).

Participating countries, regions, and reporting CRs

The web-based questionnaire was completed sufficiently by a
total of 52 CRs from 45 countries out of at least 85 CRs

approached (Figure 1). CRs from Norway and South Africa did
not fill out the questionnaire sufficiently for inclusion in the ana-
lysis. The participation of countries that were geographically
located within or affiliated with Europe was actively sought. Out
of all countries fully or partially geographically located in
Europe, 39 were represented in the analysis. Faroe Islands par-
ticipated independently from Denmark. All member states of the
European Union participated, in addition to Israel as an associ-
ated state.

Despite the predominance of participating countries in or
affiliated with Europe, participation in this study was open to
any country. The additional countries supplied information that
could not be collected from within Europe, i.e. from very large
or highly populated countries and from low-income countries.

The participating countries included two low-income, three
lower-middle income, 10 upper-middle income, and 30 high-
income countries, according to the World Bank classification sys-
tem (The World Bank 2019). The GDP per capita ranged from
e195 to e92,600 (median: e16,560), and annual health expend-
iture per capita ranged from e30 to e8575 (World Health
Organization 2019). HDI ranged from 0.477 to 0.944 (median:
0.870) (United Nations Development Programme 2019) (Table 2,
Supplementary Appendix 2).

CRs were predominantly medical professionals, of which the
majority were otorhinolaryngologists. Of all CRs, 30 were
involved in the organisation of the screening programme, two
supervised screening, 18 were involved in diagnostic assessment
and intervention of infants failing the screening and two were
involved in other health care provision.

Current status and presence of NHS programmes

A total of 42 established NHS programmes were included in the
analysis. A complete list of participating countries and regions
with their corresponding NHS programme (if applicable) can be
found in Table 1, including the variety of protocols, organisa-
tional authority and reach. Because of the multi-step verification
and validation process performed, there is a high level of confi-
dence in the information reported in this article.

Nationwide universal NHS is lacking in more low- and mid-
dle-income countries than high-income countries. For the 30

Figure 1. Flow chart displaying the number of participating countries, the number of reports made and the number of countries with NHS implemented. In some
cases, multiple CRs filled out the questionnaire for the same country, in other cases, more reports were made for regions within the same country.
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high-income countries surveyed, four do not have nationwide
universal NHS, while for the 15 low- and middle-income coun-
tries surveyed, 12 lack nationwide universal NHS. These 12
countries are among the low- and middle-income countries with
the lowest health care expenditure per capita and GDP per cap-
ita. Out of these 12 countries, five do not have an established
NHS programme, however, most perform some sort of screen-
ing. NHS may be project-based, only performed in private hospi-
tals or only some hospitals provide selective screening.

NHS in the EU was first implemented in the mid-1990s, and
a sharp incline in NHS implementation can be observed in the
mid-2000s. It took an average of 6 years (median of three years,
range of 0–18 years) for countries to achieve nationwide reach
after implementation (Figure 4, Supplementary Appendix 2).

Programme features

A dual protocol is reported to be followed in 29 programmes,
which means that high-risk infants are screened using a different
protocol as compared to low-risk infants. For nine NHS pro-
grammes, the same protocol is used for all infants, i.e. a single-
protocol design. In Finland, a single or dual protocol may be
used depending on the hospital. Malta and North Macedonia
have selective programmes. All protocols are described in Table
1 for individual programmes and summarised in Figure 2.

Variability was found across the indicators used to classify
risk among participating NHS programmes with dual-protocol
designs (Table 1, Supplementary Appendix 2). Admittance to the
NICU is commonly used as an indicator for high risk, although,
the minimum length of stay in the NICU varies. For many NHS
programmes additional risk indicators were reported (range of
0–12, average of 6), which may cover the infants admitted to the
NICU (e.g. assisted ventilation, infections) or not (e.g. family his-
tory, caregiver concern).

The type of test and the number of steps for both low and
high-risk infants are displayed in Figure 2. Some protocols were
grouped together for the purpose of this comparison. Among
protocols used for low-risk infants, a two-step protocol or three-
step protocol is most frequent (Table 1 and Figure 2). In

Hungary and Russia, a one-step protocol is used; however, repeat
screening is allowed prior to discharge (i.e. counted in the same
step). Among protocols used for high-risk infants, a one-step
protocol or two-step protocol is most common (Table 1 and
Figure 2). In the Wallonia-Brussels Federation (Belgium), high-
risk infants are referred to diagnostics without screening. In
Poland and Russia, high-risk infants are referred to diagnostics
regardless of screening outcome. Fewer steps tend to be used
when screening for HI among high-risk infants than for low-risk
infants. The screening protocol for high-risk infants more often
includes aABR to screen for retrocochlear disorders.

Within all 29 dual-protocol design programmes participating,
OAE is used in step 1 for all low-risk protocols, and aABR is
used in step 1 for 24 high-risk protocols. An aABR screen may
be performed alone or together with an OAE screen in the same
step (i.e. OAEþ aABR). There are only two participating single-
protocol programmes in which all infants are screened with
aABR using either one or two steps. For the remaining seven
single-protocol programmes, all infants are screened using OAE
for steps 1 and 2. Two of these also have a third step
using aABR.

Other NHS programme features such as screening professio-
nals, screening location and the age of the infant at each step of
screening varied across participating programmes (Table 3,
Supplementary Appendix 2). A large array of professionals per-
form screening, including nurses, audiologists, midwives, otorhi-
nolaryngologists, paediatricians, dedicated screeners, and health
care workers or technicians. Infants in most NHS programmes
typically complete step 1 in the hospital (maternity ward or
NICU) before discharge. Low-risk infants typically leave the
maternity hospital between 24 h and 72 h after birth, steps 2 and
3 are usually performed after discharge. High-risk infants stay in
the NICU longer and steps 2 and 3 can take place before dis-
charge if needed.

All 42 programmes are funded by the government or health
insurance except for Cyprus and Poland, where the national pro-
gramme is funded predominantly by charity. All participating
NHS programmes are free for parents except in the Wallonia-
Brussels Federation in Belgium where a fee is billed to parents
upon discharge from the maternity hospital to supplement the

Figure 2. Type of protocol against number of steps. Protocols for low- and high-risk infants were combined with single-protocol design, in which the same protocol
is used for both low- and high-risk infants. High-risk programmes that directly refer to diagnostic assessment without screening and programmes with varying proto-
cols across a country or region were omitted. OAE, aABR: only the final step includes aABR, aABR for high-risk infants: aABR may be performed alone or together with
OAE (OAEþ aABR). A step is defined as that screening is performed and a result of pass or refer is obtained.
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costs. When infants are delivered in private maternity hospitals,
parents would be charged for NHS by the hospital.

Aim of screening programme and criteria for referral

The Joint Committee on Infant Hearing (2007) makes recom-
mendations on target age: completion of screening by 1month
of age, completion of diagnostics by 3months of age and initi-
ation of intervention by 6months of age. CRs from 36 pro-
grammes indicated that they follow an existing local guideline
(Table 4, Supplementary Appendix 2). The typical age for hear-
ing aid fitting was reported to be 0–6months of age for 35 out
of 42 NHS programmes. However, typical age of hearing aid fit-
ting was reported to be above 6months for four programmes
without universal NHS and not specified for three programmes.

In addition to age, target conditions are also reported for the
severity of HI for both screening and intervention. However, it is
important to realise that target conditions are specified as a hear-
ing threshold (dB HL) while OAE and aABR are screening tech-
nologies that estimate the integrity of auditory function. For
screening, over half of the reporting programmes described a tar-
get condition of 20 dB HL or greater. Bilateral and unilateral HI

are the reported target conditions for 22 low-risk infant and 17
high-risk infant programmes. Bilateral HI only is reported as the
target condition for nine low-risk infant programmes and four
high-risk programmes (Table 4, Supplementary Appendix 2).

In most cases, devices from one manufacturer are often
selected for an entire NHS programme. A total of 13 different
models across seven manufacturers were reported by 25
NHS programmes.

For most participating programmes, hearing aids are fit when
a HI exceeds 30 to 40 dB HL (25 out of 41), though the range
varied across programmes from �21 to �60 dB HL. For about
half of the participating programmes, unilateral HI is fitted, even
if on a case-by-case basis; for the other half, only bilateral HI is
fitted. Despite this fact, most still refer infants that fail screening
in one ear only.

Cluster analysis: screening protocols

Five clusters were optimally generated for 45 protocols of
included countries or regions, except India. Silhouette values for
four, five and six clusters were calculated to be 0.37, 0.58 and
0.62. It was not clear from the silhouette values alone whether to

Figure 3. Box plots displaying the Human Development index and health expenditure per capita separately for each cluster expect the Selective NHS cluster and for
all five clusters combined. The selective NHS cluster is not displayed because only two countries are included, Malta and North Macedonia. Health expenditure per cap-
ita and human development index for each country are available in Table 2, Supplementary Appendix 2. The No NHS cluster contains countries without established
NHS. Single OAE only contains mostly protocols that screen infants with low and high risk for HI with the same protocol (OAE only). In Dual OAE-only and Dual includ-
ing aABR different protocols are used to screen infants with low and high risk for HI. For protocols in Dual OAE-only, only OAE is used to screen low-risk infants; proto-
cols in Dual including aABR include aABR. The box plots represent the median (centre line), the 25th and 75th percentile (length of the box) with whiskers indicating
the minimum and maximum values.

Table 2. Results of the cluster analysis.

No NHS
(n¼ 5)

Selective NHS
(n¼ 2)

Single OAE-only
(n¼ 8)

Dual OAE-only
(n¼ 14)

Dual incl. aABR
(n¼ 17)

NHS programme type (none / selective / single-design / dual-design) None Selective Single (n¼ 7) Single (n¼ 0) Single (n¼ 2)
(n¼ 5) (n¼ 2) Dual (n¼ 1) Dual (n¼ 14) Dual (n¼ 15)

Low-risk infants Tests used in protocol N/A N/A OAE only (n¼ 6) OAE only (n¼ 14) aABR incl. (n¼ 17)
Number of steps N/A N/A 2 steps (n¼ 6) 2 steps (n¼ 11) 3 steps (n¼ 10)

High-risk
infants

Tests used in step 1 N/A OAE only (n¼ 2) OAE only (n¼ 8) aABR incl. (n¼ 14) aABR incl. (n¼ 17)
Number of steps N/A 2 steps (n¼ 2) 2 steps (n¼ 5) 1 step (n¼ 8) 1 step (n¼ 10)

Clusters of protocols in 46 countries or regions with similar approaches for NHS design were revealed. Five variables were used that most comprehensively repre-
sent the NHS protocols. Categories for NHS programme type are: no NHS programme is established, if NHS is selective (high-risk only), if a one protocol is used for
all infants (single-design) or if separate protocols are used for high-risk and low-risk infants (dual-design). India was excluded from the cluster analysis because
insufficient information was available regarding the different protocols used, categories could not be assigned.
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select a five- or six-cluster solution. The stopping rule was
applied, which signified a stopping point at five clusters. Further
inspection of the dendrogram (Table 2, Supplementary Appendix
2) confirmed this approach. The dendrogram revealed that, for a
six-cluster solution, only two countries (Estonia and Faroe
Islands) would form the sixth cluster. Because these two coun-
tries would ultimately be excluded from further analyses of
health expenditure per capita and HDI in a six-cluster solution,
the five-cluster solution was optimal for evaluation.

Table 2 describes each of the five clusters. All countries with-
out an established NHS programme were grouped into the first
cluster: No NHS. Countries with selective screening (Malta and
North Macedonia) were grouped into the second cluster: Selective
NHS. The cluster analysis grouped countries and regions with
existing universal NHS programmes into the remaining three
clusters. In the Single OAE-only cluster, all infants (including
high-risk) are screened using only OAE in step 1, and a single
protocol design for both high- and low-risk infants is used in
seven out of the nine programmes. In the Dual OAE-only cluster,
an OAE-only protocol is used for low-risk infants in all 14 pro-
grammes, eleven of which have two steps. An aABR is used in
step 1 for high-risk infants. Similarly, in the Dual including aABR
cluster, aABR is used for high-risk infants; however, aABR is also
used for low-risk infants either for initial screening or for rescre-
ening. Ten programmes have three steps. In general, the number
of steps were greater for low-risk protocols than for high-risk pro-
tocols. This is also revealed in Figure 2, which displays the proto-
cols for low- and high-risk infants across both single- and dual-
protocol designs. It displays a preference for two-step OAE and
three-step OAE, aABR protocols for low-risk protocols, while no
obvious preference is revealed for high-risk protocols. All proto-
cols are described in Table 1 for individual programmes.

Kruskal–Wallis tests revealed significant differences in health
expenditure per capita (p< 0.001) and HDI (p¼ 0.001) across all
clusters except the Selective NHS cluster. These differences,
including the percentiles for each metric across clusters are illus-
trated in Figure 3. Because the Selective NHS cluster contained
only two countries (Malta and North Macedonia), it was
excluded from the analysis. Post hoc pairwise comparisons for
health expenditure per capita revealed significant differences
between the Single OAE-only and the Dual including aABR clus-
ter (p¼ 0.016), between the No NHS and Dual including aABR
cluster (p< 0.001), and between the No NHS and Dual OAE-only
cluster (p¼ 0.006). Significant and near significant differences
were also found for HDI between the Single OAE-only and Dual
including aABR cluster (p¼ 0.013), between the No NHS and
Dual including aABR cluster (p¼ 0.003) and between the No
NHS and Dual OAE-only cluster (p¼ 0.055). Although some of
the reported protocols were region-specific, health expenditure
per capita and HDI were only available for the whole country.
Values were not available for Faroe Islands, so this country was
excluded from the Kruskal-Wallis analyses.

Discussion

Results of this study show that, in most participating countries,
the first screening step takes place 24–72 h after birth, before dis-
charge from the maternity hospital. Countries with the lowest
health expenditure and HDI do not have NHS yet. Among coun-
tries with NHS programmes, those with the lowest health
expenditure and HDI use OAE only to screen all infants and use
fewer screening steps. Screening is performed by a diversity of

screening professionals. Implementation of NHS takes 6 years on
average to scale up to nationwide screening.

In this study, a comprehensive survey was undertaken investi-
gating all aspects of childhood hearing screening, from its organ-
isation, protocol, intervention, outcomes and costs. The extensive
international network of screening experts covered almost all
countries in Europe. The information received was verified and
validated ensuring high accuracy of the data reported. The ori-
ginal purpose of this study was to gather data about hearing
screening programmes to populate a cost-effectiveness model,
which is the main product of the EUSCREEN project. This
model compares the cost-effectiveness of hearing screening pro-
grammes across countries, taking local circumstances
into account.

However, much of the data essential for evaluation of cost-
effectiveness, particularly the prevalence of HI, hearing screening
outcomes, and costs, were not provided even by some countries
with highly developed hearing screening programmes (Mackey
et al. 2021). Data were sometimes not compiled in a central data-
base, or data governance regulations prevented CRs from access-
ing or sharing the required information. Moreover, in some
cases, CRs were well informed about one part of the hearing
screening programme (e.g. screening low-risk infants) but were
less familiar with other parts. It was a considerable time commit-
ment to gather the requested information, both for the CRs and
the researchers. Regular phone and email reminders, engagement
with additional experts, and full-time technical support were
needed to complete a study of this scale across countries where
sustainable methods for quality control were often lacking. The
lack of data that can be compared across countries may perpetu-
ate the lack of uniformity of hearing screening programmes in
Europe. In the future, a cross-border exchange of data can only
be feasible if data collection, monitoring and quality control exist
across all programmes.

From our data, we can derive at least five essential questions
with which policy makers are faced. First, they must decide on
the location of screening, which may be connected to the age at
which an infant is screened. Screening can take place before dis-
charge from the maternity hospital within the first days after
birth or later, e.g. in the hospital, healthcare centre or at home.
Next, the professional performing the screening should be
decided on; this could be someone already employed at the
screening location (e.g. nurse, midwife or physician) or someone
specially hired and trained to only perform screening. Third, the
type of screening device(s), either OAE, aABR or a combination
of both, and fourth, the number of steps, make up the screening
protocol. Finally, policy makers must decide if a separate proto-
col will be used for high-risk infants. It is unclear and debateable
if one set of guidelines for NHS implementation would be ideal
or even beneficial among countries with high variability across
postnatal care, resources available and health care organisation,
as certain decisions on NHS policy are made based on local
circumstances.

In countries where the majority of infants are born in a
maternity hospital, performing the first step of screening before
discharge ensures high coverage. Completing all screening steps
in the maternity hospital can avoid loss to follow-up that could
otherwise occur between screening steps. However, residual
amniotic fluid in the middle ear reduces the number of infants
that pass screening when screening is performed within the first
days after birth (Berninger and Westling 2011). In some coun-
tries, screening professionals are already involved in postnatal
care, ranging from nurses to physicians, whereas other countries
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use dedicated screeners for NHS. Although professionals with a
medical background may require less initial training, which low-
ers initial costs, combining screening with other work can result
in less practice and higher overall referral rates, compared to
dedicated screeners (Vohr et al. 2001).

This study found that the provision of NHS and the screening
protocol – the use of both OAE and aABR, the number of
screening steps, and screening high-risk infants with a separate
protocol – are related to health expenditure and HDI. In middle-
or low-income countries with fewer resources available for pre-
ventive healthcare, a single screening protocol using only OAE
may be chosen because of initial cost savings. The cost for aABR
screening, including the device, consumables, screening time and
training, is up to two times higher than the cost for OAE screen-
ing (Boshuizen et al. 2001; Vohr et al. 2001). Policy makers
should be aware that excluding aABR from the protocol for both
low- and high-risk infants, may put these countries at a long-
term disadvantage. Screening with aABR is less influenced by
middle ear fluid, and including aABR in the protocol reduces the
total number of false positives (Caluraud et al. 2015). Reducing
the number of referrals eases the burden on diagnostic centres
and can reduce the number of infants lost to follow-up (Mackey
et al. 2021). Thereby, the overall effectiveness of the NHS pro-
gramme may be higher when including aABR, particularly in
countries where loss to follow-up is a concern. Furthermore,
because of the higher prevalence of retrocochlear disorders
among high-risk infants, aABR is the recommended technology
for screening among the high-risk population (EFCNI (European
Standards of Care for Newborn Health project report) 2018;
Joint Committee on Infant Hearing 2019). Despite these points,
an NHS programme with OAE screening may be the preferred
choice for low- and middle-income countries with limited
resources particularly during early stages of implementation.

It proved to be difficult to gather detailed data, and in many
countries essential data on NHS needed for evaluation could not
be reported on a regional or national scale. When screening out-
comes are not collected on a programme-wide level, a screening
programme cannot be evaluated, nor can it be compared to
screening programmes of other countries. This lack of monitor-
ing and evaluation likely perpetuates the diversity in screening
protocols across countries and regions. To be able to exchange
information routinely and reliably, NHS programmes need good,
sustainable monitoring systems.
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