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POPULAR SCIENCE SUMMARY OF THE THESIS

One of every 500 newborns have a permanent hearing loss. A permanent hearing loss is a
life-long condition. Infants learn language by listening to others around them. With exposure
to language during the development of the nervous system, the brain learns to decode
auditory signals into meaningful components, such as words and sentences. Language sets the
stage for reading, social communication, and education. This nervous system development
happens quickly within the first few months of life and slows down over the lifetime. This is
why it is vital that intervention is provided to infants and children with hearing loss as early
as possible. Missing the optimal window for language development can have lifetime
consequences.

It is very difficult to notice a hearing loss, particularly among newborns. In the last few
decades, researchers have developed tools that can quickly and automatically measure
responses to sound from the ear and auditory pathway. These tools are called the otoacoustic
emissions (OAE) test and the automated auditory brainstem response (aABR) test. Newborn
hearing screening uses this technology. Screening ends in a pass or fail result. Newborns who
fail may be screened a second time a few days or weeks later. If they still fail, they should be
tested more thoroughly in a diagnostic clinic. Hearing tests in in older children use behavioral
methods, in which the child responds to each sound by performing an action, such as moving
a toy. These methods are used at health checkups around the age of 3 to 7 years, while
children are in preschool or entering school.

Screening programmes are complex. They take careful planning to organize, implement and
maintain. A failed hearing screen does not necessarily mean that the baby has a hearing loss.
Some may have hearing loss, but most babies who fail have normal hearing. They fail
screening for other reasons. For example, fluid in the ear that hasn’t yet drained out since
birth, or too much background noise, can cause a screening fail. Too many fails are costly for
a programme, put too much pressure on diagnostic clinics, and cause unnecessary worry for
families. Conversely, programmes are not effective if too many children with hearing loss
pass screening. Many countries have implemented hearing screening programmes. How well
are existing programmes performing when it comes to screening for and detecting hearing
loss? How can programmes plan or revise their protocol to improve their outcomes?

There are also different setups for a screening programme. For example, are all newborns or
only risk groups screened? Who performs the screening and where? When is screening
performed, just hours after birth or a few days later? What test method is used for screening?
For newborns who failed the screen, are they rescreened a few days to weeks later before they
are sent for diagnostic testing? If so, how many rescreening appointments are planned?

The purpose of this thesis was to evaluate hearing screening programmes. Three different
methods were used across five studies. In studies I, 11 and 111, as part of the EU project
EUSCREEN, professionals across 47 countries or regions who represented hearing screening
programmes were surveyed. In study 1V, all scientific studies that evaluated one of two



outcomes from screening were reviewed: the percentage of infants that were referred from
screening or the percentage of infants that returned for follow-up testing after a failed result.
Finally, in study V, the efficacy of the passing criteria used in the newborn screening
program in Region Stockholm was studied.

Studies I, 11 and 111

The survey used in studies I, 11 and 111 included questions about the status of the hearing
screening programme. Results of study I showed that most high-income countries performed
newborn hearing screening on all infants, however, only a few middle-income countries had
similar programmes.

Study 111 showed a different trend for preschool- and school-entry screening. Only 17 out of
47 countries or regions had programmes that screened all children at preschool or school-
entry age. Some countries have started relatively new screening programmes. At the same
time, other countries have scaled back or stopped their programmes.

Study I showed that in most newborn hearing screening programmes nurses or midwives
performed the screening. Other professionals who performed screening were audiologists or
physicians. Some programmes hired individuals specifically for the task of hearing screening.
Most screening was performed in the maternity ward before the baby and mother were sent
home. For a few programmes, newborns were screened later, at home or in well-baby clinics.
Most programmes screened newborns 24 to 72 hours after birth, though a few screened
within 24 hours and a few screened after 72 hours.

OAE was most commonly used for screening well babies, likely for reasons of simplicity and
lower costs. Most programmes used aABR for babies in the neonatal intensive care unit. This
is recommended because babies that need intensive care have a higher chance of hearing loss
located in the auditory nerve, which can be detected with aABR. Some programmes also used
aABR for well babies, typically during a rescreening appointment. Most commonly,
newborns who failed were rescreened one or two times before being referred for diagnostic
testing. Countries that used aABR and multiple rescreening appointments had higher health
care spending per person, on average. On the other hand, some programmes used OAE for all
babies, including those who needed intensive care. These countries had, on average, lower
health care spending per person.

Study 111 showed that, for preschool- or school-entry hearing screening, children were
screened between ages 3 and 7, either in a health clinic or at the school or preschool. The
screening intensity that determined a passing result ranged from 20 dB to 40 dB HL across
programmes. Nurses most commonly performed screening.

Studies Il and 111 evaluated the quality of screening programmes. Questions included: what
percentage of children are screened? What percentage fail screening? What percentage of
children who failed screening attend their follow-up appointment? And what percentage of
children screened are found to have hearing loss?



Results from studies 11 and 111 showed that few respondents provided answers to these
questions based on actual data. For example, less than one third could provide a high-quality
answer about the percentage of newborns that attended their follow-up appointment after
referring from screening. Similarly, these data were only available for two out of 17
preschool or school-entry programmes.

Study 11 showed a lower percentage of babies who were referred from screening for
programmes that used aABR for well babies instead of OAE and for programmes that
rescreened newborns two or more times before referring them to the diagnostic clinic. This
study also showed that the follow-up rate from screening to diagnostic assessment was less
than 90% for eight out of the 12 programmes that provided this outcome.

Study IV

Study 1V looked further into these issues: What are the factors in a screening programme that
can reduce the percentage of infants who fail, and the percentage who are lost to follow-up?
A systematic review of the scientific literature was performed.

There were some key factors that were related to the percentage of infants who failed
screening. To reduce the percentage of fails, programme decision-makers might consider
screening babies around 3 to 5 days of age, using aABR instead of OAE, try screening again
after an initial failed result, wait for babies to settle before screening, and network smaller
screening sites to larger centers to increase the capacity for support and quality management.
Anyone making decisions regarding their screening programme should first consider the
needs and circumstances in their screening programme before making these adjustments, to
identify whether these parameters would be effective in their particular context.

High loss to follow-up is a concerning outcome. Babies who failed screening who do not
return for follow-up may have a hearing loss that remains undetected. According to some
studies, infants who had a risk factor for hearing loss were more likely to be lost to follow-up
than infants with no risk factor. This is particularly concerning.

To improve loss to follow-up, decision-makers might consider using a familiar and accessible
location for the follow-up appointment, schedule the follow-up appointment in person with
the family, and ensure the sufficiency of workload burden, experience, and knowledge of the
professionals involved in the screening programme. One study showed that the involvement
of an audiologist in the screening programme was the most significant factor in achieving
good follow-up rates (Thomson & Yoshinaga-Itano, 2018). However, overall, there were few
high-quality studies on loss to follow-up.

Study V

Some infants may not be detected by newborn hearing screening because the technology used
for screening indicated a pass when the newborn actually had a hearing loss. Pre-decided
criteria in the OAE and aABR equipment will determine a pass versus a fail result. Newborns



who pass hearing screening despite having a hearing loss may not be detected until many
years later. Eventually, they may be detected by other methods, such as caregiver concern or
preschool hearing screening. All children in Region Stockholm who are receiving
intervention for their hearing loss are entered into a registry. The newborn hearing screening
results were studied for children with hearing loss who were enrolled for intervention before
8 years of age. For the children who were documented as having passed screening, what did
the results of their OAEs show?

Study V showed two important results. First, 11% of children who reportedly passed OAE
should not have passed according to their OAE data. This was likely because of an error by
the screener who entered in a pass by mistake. Second, two OAE measures were shown to
significantly predict the group of ears with hearing loss, compared to a group of ears with
normal hearing. This suggests that, if passing criteria were stricter, then more children with
hearing loss would have been detected at birth.

Conclusions

(1) Progress is needed so that newborn hearing screening exists in all countries, and all
children with hearing loss are given the opportunity for early intervention. (2) There is no
consensus across countries regarding the importance of hearing screening at preschool or
school-entry age. (3) Lost to follow-up is a problem faced by many hearing screening
programmes. (4) Some factors may reduce the percentage of babies who refer from
screening. These factors include: the screening method (aABR instead of OAE), the number
of times screening is reattempted, the age of the babies when they are screened, the
experience of the person performing the screening, and how the screening site is integrated
with other sites. (5) Some factors may reduce the percentage of babies who are lost to follow-
up. These factors include the location of the follow-up appointment, the experience and
workload of the screeners, and whether an audiologist is involved in the programme. (6) If
passing criteria are stricter, more babies with hearing loss will be detected by newborn
hearing screening. (7) Finally, improvements are needed in data collection, reporting, and
monitoring of outcomes. How do programmes identify areas for improvement if outcomes
are not collected or reported? The first step toward improving the quality of a screening
programme is to set up a system for systematically monitoring and evaluating the outcomes
from screening. Once that is established, the other findings from this thesis can be applied.



ABSTRACT

The aims of this thesis were to assess the status of childhood hearing screening programmes,
primarily in Europe, and to evaluate their performance against the parameters that make up a
childhood hearing screening programme, such as test method, protocol, location, screening
professional, and age of the infant at screening.

Studies I, 111 and 111 were ecological studies within the EUSCREEN project. The purpose of
the EUSCREEN project was to develop a cost-effectiveness model and toolkit for
implementation and modification of childhood hearing and vision screening programmes.
Studies I, 11 and 111 made up an independent line of research that assessed existing childhood
hearing screening programmes. A comprehensive questionnaire was delivered to
professionals representing their local hearing screening programme. Questions included the
provision, protocols, factors, and performance of newborn and childhood hearing screening.
Study 1V was a systematic review of literature. Studies were aggregated that compared
referral or follow-up rate between parameters in a newborn hearing screening (NHS)
programme. Study V investigated the presence of false negatives in the NHS programme in
Region Stockholm. A retrospective analysis of the otoacoustic emission (OAE) results was
performed among children with hearing impairment who had previously passed NHS.

Universal nationwide NHS existed in 25 of 30 high-income countries surveyed and 3 of 15
low- to middle-income countries. Universal preschool or school-entry screening existed in 17
out of 47 countries or regions. For NHS, countries that only used OAE for the test method
had lower health spending compared to those that used automated auditory brainstem
response (AABR). However, using aABR resulted in lower referral rates compared to OAE.
Other factors that influenced referral rate were the number of rescreens, the age of the infant,
the experience of the screening professional and the organization of the screening
programme.

Out of the 12 programmes with a valid follow-up rate to diagnostic assessment, eight had
rates below 90%. Factors such as personnel experience and knowledge and the location of
follow-up can improve rates; however, few high-quality studies investigated this issue. There
are other reasons why children with hearing impairment are not detected by NHS. Out of
1244 children with hearing impairment in study V, 24 were lost due to errors in
documentation. Additionally, two OAE variables predicted hearing impairment among
infants who previously met passing criteria (p<0.001). Increasing the stringency of passing
criteria will increase the number of children with hearing impairment detected by screening.

The findings from this thesis may be used for implementing new programmes or improving
existing ones. However, the results also suggest a significant deficiency in the process for
monitoring and evaluation of hearing screening programmes. Out of 42 NHS programmes
surveyed, 23 had valid referral rates and 12 had a valid follow-up rate. Out of 17 preschool or
school-entry programmes, only two provided these data. Developing a process for collecting
and reporting on existing outcomes is the necessary first step to quality improvement.
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1 INTRODUCTION

Hearing plays the essential role in stimulating the development of central auditory pathways
in early childhood. Approximately 1 to 3 per 1000 infants are born with a permanent hearing
impairment (HI) (Bussé et al., 2020; Butcher et al., 2019; Watkin & Baldwin, 1999). HI can
have permanent effects on language (Blamey et al., 2001; Ching et al., 2010; Moeller, 2000;
Yoshinaga-Itano et al., 1998), literacy (Moeller et al., 2007; Tomblin et al., 2020), and
psychosocial development (Vernon, 1969; Wake et al., 2004; Wong et al., 2017). For this
reason, early intervention is critical.

Newborn hearing screening (NHS) has changed the scope of practice for early hearing
detection and intervention (EHDI). With NHS, HI can be detected, diagnosed and intervened
within weeks to months after birth (Uus & Bamford, 2006; Y oshinaga-Itano, 2003). The Joint
Committee on Infant Hearing, in their so-called ‘1-3-6” framework, set benchmarks for
diagnosis, detection and intervention at 1-month, 3-month and 6-months of age (Joint
Committee on Infant Hearing, 2007, 2019). The World Health Organization recommends that
countries and regions around the world strive for universal NHS. If resources are insufficient,
then a non-universal (e.g., targeted) programme is a positive first step toward scaling up to
widespread universal NHS (Hearing screening: considerations for implementation, 2021;
Tobe et al., 2013; World Health Organization, 2021). With targeted screening, only infants
with risk factors for HI are screened, and about 50% of newborns with HI are detected (Mauk
etal., 1991; Mehl & Thomson, 1998).

Even with universal NHS, not all children with HI are detected. Delayed-onset and acquired
HI contributes to an increasing prevalence of HI throughout early childhood (L et al., 2011;
Uhlén et al., 2020; Watkin & Baldwin, 2012). Furthermore, it is possible that some children
with HI pass NHS (Norton, Gorga, Widen, Folsom, et al., 2000). Childhood hearing
screening after the newborn period (i.e., preschool or school-entry screening) pre-exists NHS
(Ewing, 1955; Fisch, 1981; Reznik et al., 1985). Since implementation of NHS, the necessity
of preschool and school-entry screening has been questioned (Fortnum et al., 2016).

There is a diversity of parameters and protocols used for childhood hearing screening (Sloot
et al., 2015). The components of a programme include the screening method, the passing
criteria, the number of rescreening steps, who performs the screening, when screening is
performed, the location where screening is performed, and who manages, funds, and governs
the programme. How do decision-makers select the most appropriate set of parameters for
their screening programme? The sensitivity and specificity are typical measures used to
describe the effectiveness of a screening programme; however, they are not easily quantified
for childhood hearing screening. Instead, quality indicators are used. These are predefined
and measurable outcomes. For childhood hearing screening, quality indicators include the
coverage rate, referral rate, follow-up rate, and detection rate (Joint Committee on Infant
Hearing, 2019). The purpose of this thesis was to map the provision of childhood hearing
screening and evaluate the parameters, protocols and outcomes of existing programmes.






2 LITERATURE REVIEW

2.1 CHILDHOOD HEARING IMPAIRMENT

Permanent HI affects one to three per 1000 infants (up to age 1 year) (Bussé et al., 2020;
Butcher et al., 2019; Watkin & Baldwin, 1999). The prevalence rate increases by a factor of
three by 7 years of age (Uhlén et al., 2020). The following sections describe the definition
and prevalence of childhood HI.

2.1.1 Definition

In this thesis, childhood HI is defined based on hearing threshold levels. Seven domains that
describe childhood HI are presented in this thesis: onset, longevity, stability, type, laterality,
configuration, and degree. These are illustrated in Figure 1.

DEGREE
Mild
Moderate

Severe

Profound

CONFIGURATION ONSET

Congenital

Sloping
Delayed-onset

Reverse-sloping

Cookie-bite Acquired

Flat

CHILDHOOD
HEARING
IMPAIRMENT

LATERALITY LONGEVITY

Bilateral Transient

Unilateral Permanent

STABILITY

TYPE

Sensory Fluctuating

Neural

Progressive
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Mixed
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Figure 1. Domains of childhood hearing impairment

Onset explains when the HI developed. Congenital HI is present at birth. Delayed onset
defines a HI that manifests after birth though the conditions for HI were present during or
shortly after birth. Acquired HI developed after birth from extrinsic factors unrelated to the
birth.



HI can be classified as neural, sensory, conductive or mixed, based on its source in the
auditory pathway. Conductive HI is localized to the middle or outer ear. A sensorineural HI is
localized in the cochlea and/or neural pathways. Sensory Hl is localized to the hair cells of
the cochlea, while a neural HI is localized to the auditory nerve or brainstem. An example of
a neural HI among children is auditory neuropathy spectrum disorder (ANSD). For children
with ANSD, the outer and middle ears function normally, as do the outer hair cells of the
inner ear. The HI is caused by a transmission breakdown along the auditory nerve, from the
inner hair cell to the brainstem (Starr et al., 1996). A mixed HI is a combination of both a
conductive and sensorineural component.

Childhood HI can be transient or permanent. With permanent HI, thresholds cannot return to
normal levels. The majority of permanent HI in high-income countries is sensorineural
(Fortnum & Davis, 1997). Permanent HI may be stable (the degree of HI remains constant
over time) or progressive (worsening of hearing thresholds over time). Thresholds associated
with a transient HI can return to normal levels in time or with intervention.

Other domains of HI include its degree, whether it exists in one or both ears (unilateral or
bilateral) and the configuration of the hearing thresholds across frequencies. The
configuration is the shape of the HI across frequencies. The degree is denoted in decibel
hearing level (dB HL). The recent World Report on Hearing classifies degree using a pure-
tone average of 0.5, 1, 2 and 4 kHz. Mild HI is between 20 to 34 dB HL, moderate HI is 35 to
49 dB HL, moderately severe HI is 50 to 64 dB HL, severe HI is 65 to 79 dB HL, profound
HIis 80 to 94 dB HL, and complete HI is 95 dB HL or greater (World Health Organization,
2021). One definition of a unilateral HI is a pure-tone average of more than 20 dB HL for the
frequencies 500, 1000 2000 Hz, or more than 50 dB HL at one frequency, while the opposite
ear is normal (Davis & Davis, 2016).

2.1.2 Prevalence rates

Prevalence rates of permanent childhood HI vary across age and region (Bussé et al., 2020;
Butcher et al., 2019; Uhlén et al., 2020), and between infant populations, e.g., well infants
versus infants who were admitted to the neonatal intensive care unit (NICU) (Bussé et al.,
2020; Butcher et al., 2019). For infants up to one year of age, the pooled prevalence of
permanent congenital HI is 1.1 per 1000 for bilateral HI (Butcher et al., 2019) and 2.2 per
1000 for bilateral or unilateral HI (Bussé et al., 2020). Both reviews showed a significantly
higher prevalence of permanent HI among infants who had been admitted to the NICU
(Bussé et al., 2020; Butcher et al., 2019).

Studies from the U.K. (Fortnum et al., 2001), Australia (Ching et al., 2006) and Sweden
(Uhlén et al., 2020) showed similar trends, that the prevalence of permanent HI significantly
increases with age. The prevalence of permanent HI in Region Stockholm for ages 1, 5and 7
years is described in Table 1, adapted from Uhlén et al. (2020). These data are based on the
number of children receiving intervention for HI.



Table 1. Prevalence of permanent hearing impairment (HI) per 1000 children in Region Stockholm, adapted
from Uhlén et al. (2020). Degree is calculated as a pure-tone average of 0.5, 1, 2 and 4 kHz.

Ear(s) and degree of HI 1-year olds 5-yearolds 7-year olds
Bi- and unilateral permanent HI >20dB HL 1.2 2.7 3.5
Bilateral permanent HI >40 dB HL BE 0.7 1.3 1.7
Unilateral permanent HI >40 dB HL WE 0.3 0.7 0.9
Bilateral permanent HI 21-40 dB HL BE 0.2 0.7 0.9

BE: better ear; WE: worse ear; dB HL.: decibel hearing level

The prevalence of ANSD is important to consider when evaluating the target condition for
NHS and the technology used. The prevalence reported in the literature varies widely, in part
due to the differences in methodology for diagnosing and defining HI and ANSD (Rance &
Starr, 2017). In studies of children with permanent HI, the percentage of children with ANSD
is approximately 5-10% (Boudewyns et al., 2016; Rance & Starr, 2017). Within a population
of infants at risk (e.g., from the NICU), the reported prevalence rate ranges from 0.23%
(Rance et al., 1999) to 9.6% (Berg et al., 2005). For populations of infants not at risk (e.g.,
well babies), the prevalence rate of ANSD ranges from 0.006 to 0.03% (Boudewyns et al.,
2016; Korver et al., 2012). The term “risk” is used to denote infants with apparent risk
factors. In this thesis, the term “low-risk™ is also used to classify infants without risk factors,
and thereby distinguish between infant groups and NHS protocols more easily.

2.2 EARLY HEARING DETECTION AND INTERVENTION

Advocacy for EHDI started in the 1960s to 1970s when the Joint Committee on Infant
Hearing was formed (Committee on Fetus and Newborn, 1971). Significant momentum was
gained in the 1990s and early 2000s in light of landmark studies on the effects of HI
intervention on language development, if provided within a critical period (Moeller, 2000;
Moeller et al., 2007; Yoshinaga-Itano et al., 1998). Further to this work, the effects of EHDI
on literacy (Pimperton et al., 2014), psychosocial development and quality of life (Korver et
al., 2010) have substantiated the importance of early detection and intervention.

2.2.1 Detecting neonatal hearing impairment

Detecting HI in newborns is the first step toward early intervention. A high-risk register was
an early method for detecting HI (Hirsch & Kankkunen, 1974). It was recommended that
infants with at least one risk factor were monitored and tested by 6 months of age (Joint
Committee on Infant Hearing, 1982). Since the development of technology for testing infants,
such as ABR and OAE, the high-risk register transitioned to targeted hearing screening in
which only neonates in risk categories were screened (Joint Committee on Infant Hearing,
1991; Watson et al., 1996). However, only 50% of infants with HI are detected by targeted
screening (Mauk et al., 1991; Mehl & Thomson, 1998). Studies showing the feasibility and
effectiveness of universal NHS (Mehl & Thomson, 1998; Wessex Universal Neonatal
Hearing Screening Trial Group, 1998) led to widespread advocacy for universal NHS (Joint



Committee on Infant Hearing, 1995, 2000, 2007, 2019). Benchmarks for the age of detection
and intervention of congenital HI were published. NHS programmes should strive for the
completion of screening by 1 month, diagnosis of HI by 3 months and intervention by 6
months of age (Joint Committee on Infant Hearing, 2007). Given the potential benefits of
even earlier intervention (Walker et al., 2022), recently published guidelines recommend the
provision of intervention before 3 months age where possible (Joint Committee on Infant
Hearing, 2019).

2.2.2 Detecting hearing impairment after the newborn period

The increasing prevalence with age may be due to delayed-onset HI, acquired HI, or
congenital HI that was not detected by NHS (Watkin & Baldwin, 2012). With delayed-onset
or acquired HI, neonatal hearing was normal, and HI manifested in early childhood.
Congenital HI that was not detected by NHS could be because the infant was never screened,
was loss to follow-up after referral, or had a mild HI that was missed by NHS protocols
(Watkin & Baldwin, 2012). Historically, the target condition for NHS is a bilateral HI of >40
dB HL (Wessex Universal Neonatal Hearing Screening Trial Group, 1998). A mild HI at
birth may be progressive, leading to more severe degrees in early childhood (Barreira-Nielsen
et al., 2016). Finally, infants with HI may be missed by NHS due to screener or algorithm
error leading to a false negative. However, studies reporting on the false negatives from NHS
are limited (Johnson et al., 2005; Norton, Gorga, Widen, Folsom, et al., 2000; Wessex
Universal Neonatal Hearing Screening Trial Group, 1998).

Strategies for detecting HI beyond the newborn period include targeted surveillance of
children with risk factors for delayed-onset HI, ongoing monitoring of development
milestones, and universal screening in early childhood (Beswick, Driscoll, & Kei, 2012).
With targeted surveillance, a registry of children with risk factors for delayed-onset HI is
formed, and regular follow-ups and assessments are performed on these children at
predetermined intervals. This method is effective at identifying some children with postnatal
HI (Beswick, Driscoll, Kei, et al., 2012); however, 26 to 62% of children with HI identified
after the newborn period do not present with risk factors (L0 et al., 2011; Weichbold et al.,
2006). Furthermore, issues include loss to follow-up, discrepancy regarding the risk factors
associated with postnatal HI, and the difficulty identifying all risk factors at birth (Beswick,
Driscoll, & Kei, 2012; Beswick, Driscoll, Kei, et al., 2012).

Another method for detecting HI after the newborn period is by universal screening. Prior to
NHS, two common ages for screening were around 7 to 10 months of age and around 3 to 7
years of age. Programmes that were previously in place in some countries for universally
screening HI in infants ages 7-10 months of age became obsolete after implementation of
NHS (Wood et al., 1997). In Sweden, this programme used the Blicken Orienterar efter
Ljudet (BOEL) test, in which the examiner used small bells concealed in his hand and
observed the reaction of the infant who was expected to turn or gaze toward to the direction
of the sound (Junker et al., 1978). In England, a similar test with a slightly different procedure



was called the health visitor distraction test (Johnson & Ashurst, 1990; Mott & Emond,
1994). The replacement of the distraction test with NHS proved to be a cost-saving
adjustment (Uus et al., 2006). Universal hearing screening at pre-school and school entry age
(e.g., 3to 7 years old) is recommended by some, including the World Health Organization
(Hearing screening: considerations for implementation, 2021; L et al., 2011; Weichbold et
al., 2006; World Health Organization, 2021). However, this recommendation is not
universally accepted, as the cost-effectiveness of early childhood hearing screening is
inconsistent across the few available studies (Fortnum et al., 2016; Gumbie et al., 2022).

2.3 SCREENING

Screening in health care is a strategy to uncover an existing disease or condition in an
individual where it otherwise would not be recognized. Screening is classified as a secondary
measure of prevention. Primary measures are to prevent the disease or condition from
occurring, while secondary measures aim to reduce its impact. The purpose of screening is to
identify conditions early, where earlier intervention provides a greater likelihood of success.
The following sections define the principles of screening and the effectiveness of screening.

2.3.1 Principles of screening

To avoid implementation of unnecessary, harmful, or costly screening practices, ten
principles of screening were established by the World Health Organization (Wilson &
Jungner, 1968). Since the publication of these principles, Andermann et al. (2008) have
proposed revisions to meet modern technological advances in screening and technology
(Table 2). Any screening programme should fulfill all 10 requirements.

Table 2. Andermann et al.’s (2008) revised principles of screening. Reprinted with permission and under the
Creative Commons Attribution 3.0 IGO license (CC BY 3.0 1G0).

1. The screening programme should respond to a recognized need.

The objectives of screening should be defined at the outset.

There should be a defined target population.

There should be scientific evidence of screening programme effectiveness.

The programme should integrate education, testing, clinical services and

programme management.

6. There should be quality assurance, with mechanisms to minimize potential risks of
screening.

7. The programme should ensure informed choice, confidentiality and respect for
autonomy.

8. The programme should promote equity and access to screening for the entire target
population.

9. Programme evaluation should be planned from the outset.

10. The overall benefits of screening should outweigh the harm.
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2.3.2 Effectiveness of screening

Effectiveness is covered in the fourth principle proposed by Andermann et al. (2008). It is a
general term to describe whether screening works in a field (real world) setting (Hyde, 2016).
A decision matrix presented in Figure 2 is commonly used to describe the effectiveness of
any screening or diagnostic test. Sensitivity is the percentage of individuals with the target
condition who have a positive result. Specificity is the percentage of individuals without the
target condition who have a negative result. The false negative rate is the percentage of
individuals with the target condition with a negative result (1-sensitivity). The false positive
rate is the percentage of individuals without the target condition with a positive result (1-
specificity).
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Figure 2. Decision matrix and measures of screening effectiveness.

2.3.3 Considerations on measuring the effectiveness of childhood hearing
screening

It is challenging to definitively determine the sensitivity and specificity of NHS. Specificity
can be reasonably estimated from the referral rate because of the relatively low prevalence
rate of HI. Estimating the sensitivity is more challenging. To determine sensitivity, a
prospective study is required with an adequate sample of infants with HI. This is difficult
given the low prevalence of permanent HI in a neonatal population (Hyde, 2016). The few
studies that have performed such research had sample size limitations (Norton, Gorga,
Widen, Folsom, et al., 2000; Wessex Universal Neonatal Hearing Screening Trial Group,
1998). A retrospective analysis of screening results among children diagnosed with HI is one
method to estimate the sensitivity (Watkin & Baldwin, 2012), notwithstanding the fact that



congenital and delayed-onset HI cannot be definitively separated retrospectively (Weichbold
et al., 2006).

Because of the complexity of the childhood hearing screening programme, it is necessary to
define sensitivity and specificity as they relate to hearing screening. Davis et al. (2001)
defined three levels of sensitivity in a hearing screening programme. The test sensitivity (or
specificity) is based on the result of a single screening test. The screen sensitivity (or
specificity) is based on the screening protocol, which typically includes multiple screening
steps. Finally, the programme sensitivity is based on the results of the entire screening
programme. Programme sensitivity incorporates factors such as coverage rate (i.e., the
percentage of infants screened in a population) and the loss to follow-up (LTFU) rate (i.e.,
infants who are referred from screening but do not attend the follow-up appointment).
Programme sensitivity therefore calculates the total number of children in a population who
are missed by screening for various reasons.

2.4 NEWBORN HEARING SCREENING

It is because of NHS that the recommended 1-3-6 month benchmarks for detection, diagnosis,
and intervention can be met (Yoshinaga-Itano, 2004). The following sections describe the
details of an NHS programme, including the test methods, protocols, and additional
programme factors.

2.4.1 Test methods

The first evidence of NHS was in the 1940s when tests were performed with noise makers in
the nursery to assess the reaction of newborns (Ewing & Ewing, 1944). This practice became
more standardized in the 1960s (Downs & Hemenway, 1969). The 1970s brought objective
and automated methods, starting with the Crib-o0-gram which measured motor activity in
response to a stimulus (Simmons & Russ, 1974). It was also discovered that auditory
brainstem response (ABR) was a reliable measure for estimating hearing status in infants
(Hecox & Galambos, 1974). Soon after, the clinical feasibility of using OAEs in infants was
revealed (Bray & Kemp, 1987; Johnsen et al., 1983). Today, ABR and OAEs are the standard
technology used for NHS. These technologies are described in more detail in the following
sections.

2.4.1.1 Otoacoustic emissions

Otoacoustic emissions are sounds generated from within the cochlea, produced as a by-
product from the active cochlear mechanism. The emissions, once produced, travel
backwards from the cochlea through the middle ear to the outer ear canal. OAEs are recorded
via a probe microphone situated in the outer ear canal. They can be elicited, in response to a
stimulus delivered to the ear by means of a probe microphone. Signal averaging is performed,
which assumes a repeatable response against random noise. Several stimuli are presented, and
responses are averaged, timed to the onset of each stimulus (Prieve & Fitzgerald, 2014).



Depending on the level of background noise or OAE amplitude, more stimuli (and
corresponding responses) may be required to detect an OAE, if present (Hall et al., 1994).
The resulting noise floor must be sufficiently low to observe the OAE (Prieve & Fitzgerald,
2014).

OAEs are simple to perform on newborns. The signal-to-noise ratio is not significantly
affected by test location though it is affected by an active infant or background noise from an
incubator (Gorga et al., 2000; Norton, Gorga, Widen, Vohr, et al., 2000). Figure 3 depicts a
newborn undergoing an OAE test. The two types of OAEs used in NHS are transient-evoked
OAEs (TEOAEsS) and distortion-product OAEs (DPOAES) (Hyde, 2016).

Figure 3. A newborn undergoing an OAE test. Photo by Allison Mackey.

With TEOAEs, a click stimulus is delivered to the ear. The emission produced by the cochlea
is broadband. It is recorded by the probe microphone and can then be deconstructed into
frequency bands. TEOAEs are highly repeatable, though their clinical application varies
across frequency bands (Prieve et al., 1993). With DPOAEs, two tones (f1 and f2) are
delivered via the probe speaker. Non-linear intermodulation occurs between the tones,
resulting in a series of distortions (Kemp, 2002). The energy produced by these distortions is
propagated back to the ear canal. Similar to TEOAE, a frequency analysis is performed, and
the intensity of the distortion at 2f1-f2 is selected for analysis (Kemp, 2002). DPOAEsS are
plotted on a DP-gram by frequency for f2.

2.4.1.2 Auditory brainstem response

The ABR is an electrophysiological response to an acoustic stimulus generated by the
auditory nerve and brainstem. ABR is a type of auditory evoked potential. Electrodes are
placed on the face and head of the infant with an earphone in the ear (Jewett et al., 1970). An
example configuration is shown in Figure 4. The potential difference is then recorded to
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create an electroencephalogram (EEG). Similar to OAEs, the ABR is small in amplitude
relative to the recorded noise. It is only observed after signal averaging. Because of the
reliable nature of the ABR and assumed randomness of noise, the ABR (if present) can be
identified after averaging numerous stimulus-timed EEG sweeps (Jewett et al., 1970). There
Is a direct correlation between the ABR threshold and behavioural audiometric thresholds
(Hecox & Galambos, 1974; Sininger et al., 1997). Therefore, a minimum stimulus intensity
can be selected for screening to achieve a targeted degree of HI.

Figure 4. A newborn undergoing an aABR test. Photo courtesy of Andrea Bussé.
2.4.2 Protocol

Passing criteria for both OAE and ABR screening typically use signal to noise ratios (SNR).
For OAE, the SNR (in dB) is calculated for each frequency band. A minimum SNR is
typically used for passing criteria together with a minimum number of frequency bands
(Hussain et al., 1998; Norton, Gorga, Widen, Folsom, et al., 2000). Traditional ABR is
analyzed using clinical observation of the ABR waveform. For screening, an automated
approach was developed to remove the subjectivity of identifying an ABR waveform. The
aABR relies fully on the internal SNR algorithm such as fine-structure processing for
determining the presence or absence of a response (Sininger, 1993).

The technology and the test sequence vary across NHS programmes (Sloot et al., 2015).
Figure 5 shows one example of an NHS protocol for well infants and infants in the NICU.
Because of the higher prevalence of ANSD among infants in the NICU compared to well
babies (Berg et al., 2011; Berg et al., 2005), the Joint Committee on Infant Hearing has
recommended the use of aABR as the primary screening technology for all infants admitted
to the NICU (Joint Committee on Infant Hearing, 2007, 2019). An additional screen with
OAE technology for this subgroup has been recommended by some (Berg et al., 2005), as
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OAE may detect cases of mild HI that were missed by aABR (Johnson et al., 2005; Levit et
al., 2015). However, the Joint Committee on Infant Hearing has warned of the potential
implications for higher referral rates if both technologies are used for this subgroup (Joint
Committee on Infant Hearing, 2019).

NHS protocols are often multi-step sequences. As shown in the example in Figure 5 for a
well-baby protocol, infants who are screened and fail step 1 are referred to step 2. If they fail
again, they are referred to step 3 before continuing to diagnostic assessment. A multi-step
sequence is recommended by some to reduce false positive rates (Clemens & Davis, 2001)
caused by residual fluid in the middle ear or debris in the outer ear canal after birth (Kemp &
Ryan, 1991).

It is important to note that the definition of a “step” is not consistent across studies in the
literature, nor in the studies of this thesis. In studies I to 111, a step is defined by the
occurrence of screening which ends in a documented result (pass or fail). If screening is
repeated immediately before a result is documented, these multiple screens are included in
the step. Once a pass or fail result is documented, the step is complete. The next step may
occur a few hours up to a few weeks after initial screening. In contrast, a step in study IV
ends when the family leaves the location where the screening takes place. For example, all
inpatient screens are counted as step 1, whereby multiple screens may be performed within
hours of each other before discharge from the maternity ward. This may even include
screening with different test methods.

With the exception of aABR for NICU, there is no best-practice for setting up an NHS
protocol (Joint Committee on Infant Hearing, 2019). Figure 5 offers just one example;
however the technology used (OAE versus aABR) and the sequence of testing varies across
programmes (Sloot et al., 2015). Because of this variation in protocol design, it can be
difficult for EHDI leaders to recognize the optimal sequence or technology for their local
context.
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Figure 5. An example multi-step protocol for newborn hearing screening

2.4.3 Programme factors

There are other factors involved in setting up an NHS programme besides its protocol. A
selection of these factors is introduced here. First, the screening personnel are the individuals
performing the screening, who may be nurses, audiologists, or technicians (Cunningham et
al., 2018; Stewart et al., 2000; Thomson & Yoshinaga-Itano, 2018). Second, the location of
screening may be in the maternity hospital, in a well-baby clinic, or in the family’s home
(Fan et al., 2010; Uilenburg et al., 2009). The procedure for scheduling rescreening and the
location of rescreening are also important considerations (Cunningham et al., 2018; Thomson
& Yoshinaga-Itano, 2018; Uilenburg et al., 2009). Third, a minimum age of the infant at
screening is often considered within an NHS programme because of the risk of false positives
due to middle ear fluid or ear canal debris (Berninger & Westling, 2011; Vohr et al., 1993).
Finally, various organizational factors may include whether screening for NICU and well-
babies are managed under the same or separate NHS programmes (Barker et al., 2013), and
whether the NHS programme is governed under local, regional, or national authority (Park et

al., 2020).

2.5 CHILDHOOD HEARING SCREENING AFTER THE NEWBORN PERIOD

Childhood hearing screening after the newborn period refers to any hearing screening offered
from 6 months to 7 years of age. Because the distraction or BOEL test has been phased out
since NHS (Wood et al., 1997), the focus of this section is early childhood hearing screening

from pre-school to school-entry age (3 to 7 years old).

13



2.5.1 Test methods

Methods for preschool and school-entry hearing screening include the whisper test, pure-tone
(play) audiometry, and tests using alternative stimuli such as speech-in-noise or other sounds.

The whisper test is easy to perform and requires no equipment. An examiner stands behind
the child and whispers either a short sequence of letters and numbers or a two-syllable word,
which the child either repeats or points to the matching picture (Pirozzo et al., 2003). There
are issues with the whisper test in terms of its reliability given its dependance on the level of
whispered voice from the examiner (Pirozzo et al., 2003). Furthermore, it may miss a large
proportion of children with mild HI (Prescott et al., 1999). Notwithstanding these limitations,
it is a reasonably effective screening test, and may be useful for universally screening
children in settings without access to (or resources for) audiometric screening equipment
(Pirozzo et al., 2003; Prescott et al., 1999).

The most common screening test for this age group is pure-tone audiometry with play (Yong,
Panth, et al., 2020). The use of pure-tone audiometry for screening dates back to the 1950s
(Ewing, 1955). Pure tones are delivered via headphones using a screening audiometer.
During a short conditioning session, a suprathreshold tone is presented and children are
instructed to perform a task in response to hearing the tone (e.g., put a block on a peg). Once
the task is understood, a tone at the screening intensity is presented. This is repeated across a
frequency range (Ewing, 1955). Pure-tone audiometry screening is highly reliable and
sensitive once screeners are adequately trained and the children understand the task (Lowell
et al., 1956); however, it requires time and resources for equipment that needs annual upkeep.
Both the whisper test and pure-tone audiometry require screening training, sustained attention
and active participation from the child, and a quiet test environment.

Other tests have been created in attempt to address the limitations of the whisper test and
pure-tone audiometry screen. For example, the Digit Triple Test is reliable and sensitive for
detecting HI in older children and adults (De Sousa et al., 2020; Smits et al., 2013). A series
of digits are presented in noise at various SNR intervals (Smits et al., 2013). The test is not
susceptible to regular background noise in the room, does not require calibration, and can be
performed via smartphone or tablet (Potgieter et al., 2016); however, it is not currently
feasible for preschool or school-entry ages due to the task difficulty. An adapted version
using ecological sound stimuli and associated pictures is under validation (Denys et al.,
2019).

2.5.2 Protocol for pure-tone audiometry screening

In pure-tone audiometry screening, passing criteria are defined by the response of the child to
a certain intensity of stimuli at specified frequencies. If passing criteria are not met, children
may be referred to an audiology clinic for a diagnostic assessment, or first to a rescreening
appointment prior to further referral (Yong, Panth, et al., 2020).
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The protocol for performing pure-tone audiometry screening varies across programmes
(Yong, Panth, et al., 2020). Even within certain countries, the protocol for screening varied
across regions, including the frequencies tested, the minimum stimulus intensity tested, and
whether a rescreening appointment was booked prior to referral for diagnostic assessment
(Cadena et al., 2021; Sekhar et al., 2013; Stenfeldt, 2018). For example, in Sweden prior to
nationwide standardization, Stenfeldt (2018) found out of the 12 regions that reported their
passing criteria, there were nine unique combinations of passing criteria.

2.5.3 Programme factors

Together with the test and protocol, selected programme factors make up a complete hearing
screening programme for preschool or school-entry aged children. First, the screening
professionals may be students, nurses, audiologists, or physicians (Yong, Panth, et al., 2020).
Second, the screening location could be a school (Yong, Panth, et al., 2020), well-child clinic
(Stenfeldt, 2018), a pediatricians office or audiology clinic. A third consideration is the age of
the child when screening is performed. Finally, the organization of screening may include
whether screening is governed by the education system or public health system.

2.6 EVALUATING HEALTH PROGRAMMES

There are various conceptual frameworks that have been developed for guiding programme
evaluation. Realist evaluation is a framework for complex evaluations of existing health
programmes (Marchal et al., 2012). Within a realist evaluation, a health programme can be
described in terms of what works (and how), for whom, and in what conditions (Pawson &
Tilley, 1997). It centers around three concepts: the mechanisms, the context, and its
outcomes.

The mechanisms are the processes within a programme (Pawson & Tilley, 1997). This could
be the components, features or actions within a programme and the reasons behind their use
(Dalkin et al., 2015). For example, this may be the screening method used or the procedure
for scheduling a follow-up appointment. Deciding to use certain features or carry out certain
actions could be influenced by the context. Context describes the setting, organization and
conditions in which the programme is implemented (Pawson & Tilley, 1997). For childhood
hearing screening, this may include staffing in maternity wards or well-baby clinics,
education and experience of screening personnel, audiology knowledge of management,
existing policy and practice, funding and resources, government health priority setting, or
geography. Context may also include attitudes toward screening, beliefs about people with
HI, or opinions for health care priority setting (Olusanya, 2015).

Together, the mechanisms and context produce outcomes. Outcomes are mostly discussed in
this thesis in terms of quality indicators. Quality indicators offer a quantifiable overview of
screening programme performance. The quality indicators discussed in studies I-1V are
described in Table 3. They are often used in childhood hearing screening programmes and are
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derived from established guidelines (Joint Committee on Infant Hearing, 2007, 2019; Wood
et al., 2015). In addition to these quality indicators, study V will examine false negatives from
NHS.

Table 3. Quality indicators used to evaluate hearing screening programmes in studies I-1V.

Quality indicator ~ Definition Hearing Screening Study

Coverage rate Percentage of children - Newborn I, 1l
screened out of the target - Preschool/school-entry
group (complete / step 1)

Referral rate Percentage of children referred - Newborn I, 1, v
from screening out of those - Preschool/school-entry

who were screened
(all steps / step 1)

Follow-up (or lost  Percentage of children who - Newborn I, 1, v
to follow-up) rate  follow-up (or do not follow- - Preschool/school-entry

up) out of those who referred

from screening (between steps

or from screening to

diagnostic assessment)

Detection rate Percentage of children - Newborn [, M
screened who are diagnosed - Preschool/school-entry
with permanent HI out of
those screened

2.7 RATIONALE FOR THESIS

NHS has become standard practice in many countries around the world; however, there is
variation in how screening is delivered (Sloot et al., 2015). There is also variation in the
outcomes from screening (Kanji et al., 2018; Ravi et al., 2016). This relationship has not been
comprehensively evaluated. A comparison of outcomes from quality indicators across
existing NHS programmes and the previously published literature will discern the
relationship between protocol and programme factors and its outcomes, while considering
how the contextual factors may influence this relationship. Furthermore, since the extensive
implementation of newborn hearing screening around the world, perspectives on the
applicability of preschool and school-entry hearing screening are unclear. Findings can
provide EHDI decision makers the knowledge they need to modify or implement childhood
hearing screening based on the circumstances in their country or region.
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3 RESEARCH AIMS

The aim of this thesis was to explore the mechanisms and outcomes of childhood hearing
screening, considering the context in which screening programmes are implemented.

The specific objectives were:

1.

To map the provision of childhood hearing screening programmes across countries or
regions in Europe (Study I and I1I)

To investigate the availability and validity of data across childhood hearing screening
programmes from key quality indicators used to monitor screening outcomes (Study
I1and I11)

To evaluate the variation in protocols and programme factors in childhood hearing
screening, considering the contextual factors across countries (Study I, 11 and 111)

To evaluate the variation in referral rate and follow-up rate, with respect to protocol
and programme factors (Study Il and V)

To evaluate the false negatives from a screening programme and assess the
effectiveness of TEOAE passing criteria (Study V)
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4 METHODS

This thesis comprised five studies on childhood hearing screening which used various
designs, data sources and analyses. An overview of the methods for each study is presented in

Table 4.

Table 4. An overview of methods for each study comprising this thesis

Study | Study 11 Study 111 Study 1V Study V
Design Ecological Ecological Ecological Systematic Case-controlled
Review
Primary data EUSCREEN EUSCREEN EUSCREEN Literature Registries
source questionnaire questionnaire guestionnaire
Screening age Newborn Newborn Preschool /school- Newborn Newborn
entry
Quiality N/A -Coverage rate -Coverage rate -Referral rate -False negative
indicator(s) -Referral rates -Referral rate from step 1 rate
-Follow-up rate -Follow-up rate -Lost to follow-
-Detection rate -Detection rate up rate
Processes, - Risk factor vs. -Age of infant -Age of child Various -Passing criteria
protocol or universal -Test method -Test method (explored in the
programme - Age of infant -Steps -Passing criteria study)
factors(s) - Test method -Screening
- Steps profession
- Benchmark ages -Screening location
- Passing criteria
- Screening
profession
- Screening location
Contextual -GDP per capita - World Bank -School and
factor(s) -Health expenditure  income status preschool
-Human - Newborn care attendance
development index indicators/trends -Well-child health
- World Bank care routines and
income status coverage
-Other
Analyses Descriptive Descriptive Descriptive Descriptive Multivariate
synthesis & cluster statistics & risk statistics and synthesis & risk  conditional logistic
analysis ratios synthesis ratios regression

Studies I-V of this thesis made up an independent line of research in the EUSCREEN project,
a large-scale collaborative Horizon2020 project with partners across the European Union that
ran from 2017 to 2021. The purpose of the EUSCREEN project was to create a cost-
effectiveness model and toolkit for childhood hearing and vision screening programmes. The
model is publicly available and allows decision-makers to input various protocols and
programme factors to design a screening programme, given the unique context in their

country or region. The data collected in studies I-1V were used to inform the cost-

effectiveness model and the development of the toolkit.
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4.1 DATA SOURCES

4.1.1 Study I, Il and lll: EUSCREEN questionnaire

The EUSCREEN questionnaire was formulated by a group of hearing and vision screening
experts (https://www.euscreen.org/questionnaire/). At the time of data collection, the
questionnaire was published online and accessible via a unique username and password. The
hearing section was made up of 191 items on hearing screening, follow-up, and intervention.
Items included questions on screening tests and protocols, location and personnel for
screening, background information on the organization of the screening programme, and
performance indicators for screening. Most of the items were followed by a sub-item
regarding the quality of the answer provided (i.e., if the answer was based on an estimation or
actual data).

If actual data were used, source material and supporting documentation were requested if
available. In addition, an informal search of the literature was performed using Google and
Google Scholar to gather available information about hearing screening for each country or
region. This included reports, documentation, presentations, media reports, and other gray
literature that may support or contradict the information supplied in the questionnaires.

Data were also aggregated from public databases to reflect on the choice of protocol and
programme factors used by various countries or regions. Examples of these indicators include
health expenditure per capita, preschool attendance rates, and percentage of births that take
place in hospital.

4.1.2 Study IV: Peer-reviewed literature for systematic review

Study 1V was a systematic literature review. Two outcomes were investigated, referral rate
and lost to follow-up rate from screening step 1. Peer-reviewed articles were searched across
five databases (Medline Ovid, Embase, Cochrane Library, Web of Science Core Collection
and Cinahl). The studies included in study IV analyzed the relationships between NHS
protocol or programme factors and one or both outcomes.

4.1.3 Study V: Registries and audiogram journal

Study V linked data from the following registries and audiogram journal database:

e AudioHab, operated by Child Hearing Habilitation Center at Karolinska University
Hospital Children, includes children living in Region Stockholm who are enrolled for
intervention for HI. Data includes the enrolment date for intervention and degree of
HI.

e Audioscreen, operated by the Center for Hearing and Balance at Karolinska
University Hospital, includes all children who were born in Region Stockholm. Data
includes the NHS results and TEOAE datafile.
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¢ AuditBase (Auditdata A/S, Copenhagen Denmark), used by the Center for Hearing
and Balance at Karolinska University Hospital to manage and store audiogram data.

4.2 DATA COLLECTION AND EVALUATION

4.2.1 Study I, Il, and 1l

An ecological study was performed for studies I, 111 and 111 using responses collected from
the EUSCREEN questionnaire on childhood hearing screening. The following sections
briefly describe the respondents, so-called Country Representatives, and the collection and
validation of their responses.

4.2.1.1 Country Representatives

An international collaboration of experts in hearing screening, vision screening and
preventative child health care made up the Country-Committees Joint-Partnership of
EUSEEEN Foundation. These experts, so called Country Representatives, were recruited via
national and international professional organizations, networks, and peer-reviewed journal
publications. After a vetting process performed by EUSCREEN project administration,
Country Representatives were selected to represent their screening programme. Country
Representatives were actively recruited for countries in Europe; however, no restrictions were
applied on participation from other countries. In countries where only regional data were
available, Country Representatives were asked to provide responses that represented their
regional hearing screening programme, instead of the entire country. Collectively, the
Country Representatives for hearing screening were a co-author in studies I, 11 and 111.

4.2.1.2 Verification and validation of responses

Each response went through a multiple-step verification procedure, as follows: (1) answers
were checked for completeness; (2) answers were checked across similar questions in the
questionnaire; (3) answers were checked across any supporting material; (4) a preliminary
draft of a Country Report was drafted, describing the details and outcomes from the hearing
screening programme in a narrative form; (4) any inconsistent responses or missing
information was addressed in a list of clarification questions sent to the Country
Representative; (5) once all responses were received, the Country Report was updated and
sent to the Country Representative for verification; (6) any comments received from the
Country Representative were addressed and finalized in the Country Report. Data for analysis
were then extracted from each Country Report.

For the quality indicators, data that were rough estimations based not on real data were
considered ‘not valid.” Responses that were considered valid were: (1) based on data less than
5 years old; (2) included a representative sample from the country or region; (3) were
consistent with the source material and supporting documentation; and (4) contained a
sufficiently large population of infants from which the data were based, i.e., a minimum of
1000 for referral rate and 5000 for detection rate.
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4.2.2 Study IV

Study 1V was a systematic literature review which followed the PRISMA framework for
systematic reviews and meta-analyses (Page et al., 2021).

4.2.2.1 Literature sorting and selection

For the search, MESH terms and keywords were used that centered around three concepts:
hearing, screening, and newborn. Three independent reviewers sorted the records by title and
abstract. The inclusion criterion was that the title or abstract included reference to newborn
hearing screening. The exclusion criteria were: (1) non-English report, (2) not peer reviewed,
(3) screening not performed on newborns, (4) screening not for HI, (5) screening methods
performed on children already diagnosed with a HI.

Full-text reports were sorted by two independent reviewers. The inclusion criteria were that
the report evaluated one or more programme or protocol factor, and that one or more
outcomes were reported. The exclusion criteria in the full-text review were: (1) no original
data were reported, (2) screening was not performed with OAE or aABR, (3) the number of
infants screened was not reported, (4) only infants with a particular condition were screened,
(5) infants were older than 6 months, (6) results were described by ear and not by infant, (7)
less than 100 infants were screened, (8) the report was a case study (i.e., not comparative
between NHS protocol or programme factors). After sorting, discrepancies were discussed
between reviewers until a consensus was reached.

4.2.2.2 Quality evaluation

Adapted from the Newcastle-Ottawa Scale (Wells et al., 2000) and QUADAS-2 (Whiting et
al., 2011) a list of criteria was used to evaluate the included reports. Four criteria that assessed
the risk of bias were essential for inclusion in further syntheses: (1) sampling bias was not
introduced, (2) co-intervention bias was not introduced, (3) outcomes were reliable, and (4)
outcomes were valid. Reports without any risk of bias were further evaluated across three
domains: sample, screening and outcome (Table 5).

Table 5. Quality criteria for reports evaluated in the systematic review for study IV

Domain Criteria

Sample The community was described from which all infants were drawn
The sample size was >1000 for each group described
The coverage rate was reported and was >95%
The infants were described with respect to risk factors, NICU admission,
well babies, all babies, or other

Screening  The screening protocol included a description of at least four of the five
factors: (1) infant age at screening, (2) test method, (3) number of screens
included in step 1, (4) test device used, (5) passing criteria

Outcome The method for collecting data was described
The criteria for determining loss to follow-up was described
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4.2.3 StudyV

Study V was a nested case-controlled study to evaluate TEOAE results among children with
and without HI who passed NHS. The following sections describe participant selection and
data extraction.

4.2.3.1 Participants

Children with a later-detected HI who passed NHS were identified by linking the AudioHab
and Audioscreen registries. Inclusion criteria were children born from 2006-01-01 onward,
who were enrolled in AudioHab by age 8 years and before December 31, 2020, and who had
passed NHS. Ear-specific exclusions were made if (1) TEOAE screening data were missing
from Audioscreen, (2) TEOAE data indicated that screening should have failed even though
database entry indicated pass, (3) hearing threshold data from AuditBase showed normal
hearing thresholds, (4) HI progressed significantly, according to the definitions of progression
from Barreira-Nielsen et al (2016) and Watkin and Baldwin (2012), and (5) the HI was
conductive according to the definition in Davis and Davis (2016). Randomly selected
controls were extracted from the Audioscreen registry, matched to each case on date of birth,
seX, and ear (left or right), at ratio of three controls per case.

4.2.3.2 Screening data

TEOAE database files were downloaded from Audioscreen, and data were extracted to
ASCII files with Otodynamics ILOvV6. These data included: test duration, stimulus stability,
stimulus intensity, response reproducibility, total response amplitude, total noise amplitude,
and response and noise amplitudes for each of the frequency bands centered around 1, 1.5, 2,
3 and 4 kHz. SNR was calculated from the response and noise amplitudes.

4.2.3.3 Hearing impairment data

Hearing thresholds were extracted from AuditBase. The first two audiograms (within a
maximum of 1 year) were used to cross-check initial thresholds. If initial thresholds were
marked as unreliable, the later thresholds were used. Bone- and air-conduction thresholds
were extracted and used to exclude conductive HI. Four frequency pure-tone averages (500 to
4000 Hz) were calculated from the initial audiogram to identify the initial degree of HI. An
audiogram 3 years later was extracted to identify progression. If not available, the audiogram
closest to this 3-year time point was used.

4.3 ANALYSES

4.3.1 Study |

A descriptive synthesis was performed on the various aspects of NHS provision across the
countries or regions surveyed. To evaluate the choice of NHS protocol components, five
variables were selected for analysis: First, the programme type described whether there was
(1) no NHS, (2) targeted NHS for high-risk infants, (3) a single-protocol design (universal
NHS using one protocol for all infants), or (4) a dual-protocol design (universal NHS using

23



separate protocols for high- and low-risk infants). Second, the test method for low-risk infants
could be OAE-only or include aABR. Third, the test method for high-risk infants could be
OAE only or aABR for step 1. The fourth and fifth variables were the number of steps for the
low-risk and high-risk protocols. A hierarchical agglomerative cluster analysis was performed
in SPSS v. 26.0 (SPSS Inc., Chicago, IL). Using this method, clusters are formed
demonstrating groups of countries or regions which were most closely aligned to their NHS
protocol.

4.3.2 Study Il

The analysis of study Il focused on the outcomes from NHS. Quality indicators were
coverage rate, referral rates, follow-up rates, and detection rate. Valid responses for the
quality indicators were transformed into estimated numbers based on the birth rate in the
country or region represented. Pooled rates were calculated and compared across protocol
and programme factors and risk ratios were calculated.

4.3.3 Study Il

The analysis of study 11 focused on the process, protocols, programme factors and outcomes
from childhood hearing screening after the newborn period. The analysis performed in study
I11 was a descriptive synthesis.

4.3.4 Study IV

Reports were organized by protocol or programme factors and the changes in referral or loss
to follow-up rates were quantified. Because of the heterogeneity between studies, it was
determined that a meta-analysis was not appropriate; however, risk ratios were performed
across individual studies where sufficient data were supplied. This illustrated the increased or
decreased risk for referral or risk for loss to follow-up, based on the protocol or programme
factor studied, as well as the variation of these effect across reports.

4.3.5 StudyV

A multiple conditional logistic regression was performed using R (Mazerolle, 2020; R Core
Team, 2021; Therneau, 2022). This analysis is used to assess the variables that significantly
predict the outcome of HI when several variables are simultaneously included into the model.
The variables tested in the regression were the absolute response levels at each frequency
band (dB sound pressure level) and whether SNR was >6 dB or <6 dB. Because SNR and
response amplitude were interdependent, SNR was converted to a dichotomous variable so
that both the SNR and response amplitude could be entered into the same analysis. There was
a correlation between 1.5 and 2 kHz bands and between 3 and 4 kHz bands, which broke the
assumption of collinearity for a logistic regression. Therefore, these four variables were
collapsed into two: mid-frequency bands (1.5-2 kHz) and high-frequency bands (3-4 kHz).
The logistic regression was performed using a backwards stepwise elimination method and
the best model fit was selected according to the Akaike information criterion. Other analyses
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performed in study V included t-tests and chi-squares to illustrate differences between groups
of ears with and without HI.

4.4 ETHICAL CONSIDERATIONS

Of the studies in this thesis, only study V required ethical approval. Studies I, I11, 1l and IV
did not use personal data. Nevertheless, there were still ethical issues to consider for these
studies. The ethical considerations of bias and avoiding harm will be discussed with regards
to Studies I-1V. The ethical considerations of using personal data will be discussed for study
V.

The EUSCREEN questionnaire aggregated performance indicators for 47 national and
regional screening programmes. Country Representatives were typically leaders in pediatric
audiology, experts or managers of the local hearing screening programmes. Outcomes from
screening programmes were published as part of study Il and compared to other programmes.
The first ethical dilemma was with regards to reporting bias. Naturally, the EUSCREEN
project may have positioned Country Representatives in a potentially vulnerable situation. In
the EUSCREEN studies, performance data representing each Representative’s local
screening programme was published in a comparative evaluation. Therefore, one may
speculate on the potential for falsified or skewed reporting on the part of the Country
Representative in order avoid negative impact from the comparison. This issue is mitigated in
several ways. First, the Country Representatives were valued collaborators in the project, and
the study was carried out with full reciprocal transparency. A mid-project meeting was held
in March 2019 in which preliminary results were discussed with all Country Representatives
in attendance. Meetings were also held at other international conferences and virtually
throughout the project’s timeline (2017-2021). Country Representatives were collectively a
co-author in Studies I, 111 and 111, and therefore were held accountable for their contributions.
Second, the systematic process by which all responses were cross-checked, verified, and
clarified reduced the likelihood for reporting bias. Any responses which seemed inconsistent
were questioned and clarified. Only data which met high standards for validity were reported
in the study. Finally, the purpose of the EUSCREEN project was very clear. It was to develop
a cost-effectiveness tool in which programmes could be designed to produce the optimal
configuration given any unique context. It was therefore required that the relationship
between the mechanisms, context, and outcomes be assessed. The purpose was not to
compare programmes for the goal of placing judgement. In order to avoid harm in this sense,
it was important to carefully consider the wording used, particularly in study II.

Reporting bias is also a consideration for study IV in peer-reviewed literature. Similar to the
EUSCREEN questionnaire, the evaluation of the quality of the reports mitigated the synthesis
of any study that showed bias. This was performed through eliminating reports from analyses
if they did not meet all four essential criteria regarding risk of bias.

Avoiding harm is a second ethical consideration, which is relevant for Studies I-11l. The
concept of avoiding harm may be with respect to the interpretation and impact of the findings
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from Studies I-111. For example, if certain NHS programmes appeared to be performing
poorly, this could potentially have negative implications for stakeholders. Again, it was not
the objective of the EUSCREEN study to compare performance measures in this sense, but
only to disseminate findings that might improve childhood hearing screening in all countries.

Study V is the only study that used individual level data. Ethical approval was granted by the
Swedish Ethical Review Authority (2020-07302). All registry studies are faced with ethical
dilemmas regarding integrity and autonomy. The first issue is the importance of safeguarding
personal integrity. In this research, personal data are used about HI in children. There is
always the risk of a breach in clinical based research; however, with proper measures in place
to safeguard this data, this risk was minimal. All data were pseudonymised and stored on a
secure and institute-approved server for personal data usage. Second, there is the issue of
autonomy. As is the case with many registry-based studies, informed consent was not
requested or required. To answer important research questions in this study, data from the
entire target cohort was needed. If informed consent was required, the reduced power would
make the study not possible and selection bias would be introduced. The benefits of being
able to carry out this study outweighed the risks.
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5 RESULTS AND DISCUSSION

The main findings from this thesis are summarized in Table 6. More detailed results are
presented in the subsequent sections, combined with a discussion.

Table 6. Summary of main findings from studies | through V.

Study

Main Results

e NHS programmes existed in 42 out of 47 countries or regions surveyed
e Out of 30 high-income countries, 25 had nationwide universal NHS; out of 15

low- or middle-income countries surveyed, 3 had nationwide universal NHS
Using variables on the status and protocol for NHS, five clusters were
optimally generated from the cluster analysis. They were named: (1) no NHS,
(2) targeted NHS, (3) single-protocol for all infants with OAE only, (4) dual-
protocol with OAE-only for low-risk infants, (5) dual-protocol with aABR
included for low-risk infants. Dual-protocol design means different protocols
were used for low- and high-risk infants.

Countries or regions in the No NHS cluster had lower health expenditure per
capita and human development index compared to the two clusters with a
dual-protocol design.

Countries or regions in the cluster single-protocol design with OAE only had
lower health expenditure per capita and human development index compared
to countries in the cluster dual-protocol design with aABR for low-risk infants.
The most common protocols for low-risk infants were a 2-step OAE-OAE
protocol and a 3-step OAE, OAE, aABR protocol.

The most common protocols for high-risk infants were aABR only or
OAE+aABR. Ten countries used only OAE for high-risk infants.

Most Country Representatives did not report the passing criteria for OAE,
citing that they used the default algorithm in the screening device. Passing
intensity for aABR ranged from 30 to 45 dB nHL with the majority of
programmes using 35 dB nHL.

The most common age of the infant at screening was 24 to 72 hours after birth.
Nurses were the most common screening professional; other professionals
included midwives, audiologists, physicians, and technicians/screeners.

Most screening took place in the maternity hospital before discharge. Other
screening locations were a well-child clinic/centre or the family’s home.

Out of 42 NHS programmes, a valid coverage rate was reported by 26
programmes, referral rate by 22 programmes, follow-up rate to diagnostic
assessment by 12 programmes, and detection rate of permanent HI by 13
programmes.

Most programmes reported coverage rates of 95% or higher. There was
variation in how coverage rate was calculated across programmes.
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Referral rate for low-risk infants or all infants combined was below 4% for all
programmes that reported valid figures. For high-risk infants, referral rate
ranged from 4% to 10%.

Follow-up rate to diagnostic assessment ranged from 19% to 97% across 12
programmes providing valid figures. Eight of these 12 had follow-up rates
under 90%. For nine programmes, the follow-up rate after step 1 ranged from
27% to 97%.

Referral rate from step 1 ranged from 1.8% to 15.3% for programmes that
screened after 24 hours from birth. For two programmes that screened earlier
than 24 hours, referral rates of 22% and 6% were reported. For programmes
that screened after 72 hours from birth, referral rates were 4%.

Programmes that used a 1 or 2 step OAE-only protocol for low-risk infants,
the pooled referral rate was 2.1%. This is compared to programmes that used a
2-step protocol with aABR (pooled referral rate of 1.7%) and programmes that
used a 3 or 4 step protocol with aABR (pooled referral rate of 0.8%).

Out of 47 countries or regions surveyed, 17 provided universal preschool- or
school-entry hearing screening; an additional eight provided limited screening
(opportunistic, project-based, or localized to certain regions)

Out of the 17 universal programmes, all used pure-tone audiometry screening.
Out of the eight limited programmes, six used pure-tone audiometry screening
and two used the whisper test.

All except two of 17 programmes were implemented prior to NHS. Since
NHS implementation, two programmes have scaled down or cancelled
screening. One country halted any new implementation until more data
becomes available on its effectiveness.

The age of the children when screened ranged from age 3 to 7 years.
Screening was performed in a school setting or a well-child clinic or both.
Nurses were the most common professionals to perform screening; other
screening professionals were speech-language therapists, audiologists, or
physicians.

Three Country Representatives provided valid data on the coverage rate in
their countries (97%, 99% and 45%). A valid referral rate was available for
two countries (7.6% and 7.9%). Follow-up rates to diagnostic assessment were
58% and 77% across two countries. The detection rate of permanent HI was
0.012% from one country.

6047 records were identified from the search after duplicates were removed;
1801 records met title and abstract criteria and full-text reports were screened,;
a total of 101 studies were included in the synthesis.

For studies on LTFU, 30% reported a coverage rate over 95%; 53% reported
the method of data collection; and 35% reported the definition of LTFU. For
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studies on referral rate, 16% reported a coverage rate over 95%; and 44%
reported the method of data collection.

Thirty-five studies reported on both the referral rate and LTFU rate from step
1; 58 studies reported on referral rate only; eight studies reported on LTFU
rate only.

Most studies reported lower referral rates from step 1 when using aABR
compared to TEOAE; however, there was a wide range of referral rates for
each test method (3% to 71% for TEOAE and 1% to 23% for aABR).
Passing criteria for OAE did not significantly affect referral rate from step 1.
Rescreening immediately after a failed result or before discharge from the
maternity hospital resulted in an overall lower referral rate at discharge.
Screening only when the infant is calm lowered the referral rate from step 1.
Screening with OAE on day 3 to 5 after birth resulted in the lowest referral
rate, compared to before day 3 and compared to weeks to months after birth.
Overall, more experienced screeners (i.e., those that screened more infants)
had lower referral rates and lower LTFU rates; however, this trend was
mitigated by other elements, such as a network with larger hospitals or an
audiologist on staff. One study was the exception because screeners working
in larger hospitals were likely overburdened.

The location and fees for step 2 were important factors in the risk of LTFU.
High-risk infants appeared to be more at risk for LTFU, particularly if LTFU
was relatevely low overall. This finding was not consistent across all studies.
There was too much heterogeneity for a quantitative meta-analysis.

From a total of 1244 children with HI in the cohort, 260 were registered as
having passed TEOAE screening in both ears, out of which 211 had TEOAE
data available.

41 out of 211 children were incorrectly entered into the database as having
passed TEOAE screening, out of which 24 had no follow-up data in the
screening registry.

In the final regression model, the odds of a HI were decreased by a factor of 4
if SNR at 4 kHz was 6 dB or more. The odds off a HI decreased by 10% for
each 1 dB increase in TEOAE amplitude in the mid-frequencies (1.5 and 2
kHz bands combined).

In the sample of children with HI who passed TEOAE, there is a direct
correlation between pure-tone average threshold and TEOAE amplitude for

the 3 and 4 kHz frequency bands, in that mild HI had lower TEOAE amplitude

than more severe HI.
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5.1 MAPPING THE PROVISION OF CHILDHOOD HEARING SCREENING
(Study I and 111)

Country Representatives from a total of 47 countries or regions completed the EUSCREEN

survey. In accordance with the first objective, the provision of childhood hearing screening

was mapped, primarily across Europe. This included newborn hearing screening and

childhood hearing screening after the newborn period.

5.1.1 Newborn hearing screening

Results showed that 42 participating countries or regions have implemented NHS to some
degree. Five out of the 30 high-income countries that participated lacked universal
nationwide NHS. For the 15 low- or middle-income countries (LMICs) that participated, 12
lacked universal nationwide NHS. Though in these countries, some screening was performed.
This was either targeted NHS, universal NHS in some hospitals or regions, or research-
funded screening projects. The cumulative number of countries in the European Union (EU)
that implemented universal NHS as of 2018 is displayed in Figure 6, in addition to the
number reaching nationwide status.
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Figure 6. The trend in the year and cumulative number of countries in the European Union (as of 2018)
where newborn hearing screening is implemented and achieving nationwide reach. Reprinted with permission
by Taylor and Francis Group.

The cluster analysis performed in study | grouped countries or regions based on similarities
and differences in NHS programme characteristics. Five clusters were generated: (1) No
NHS, (2) Targeted NHS, (3) Single-protocol for all infants with OAE only, (4) Dual-protocol
with OAE-only for low-risk infants, (5) Dual-protocol with aABR included for low-risk
infants. Clusters were then compared in terms of the health economic and development status
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in the countries. The targeted NHS cluster was excluded from this comparison because there
were only two programmes in this cluster (Malta and North Macedonia). As shown in Figure
7, significant differences were found for health expenditure per capita between countries that
fell into the no NHS cluster (n=5) and countries that fell into one of the two clusters that used
a dual-protocol design (n=14 and n=17). Similarly, significant or near significant differences
were observed in the human development index between the no NHS cluster and the two
clusters that used dual-protocol designs.

0.9 T ® ®
0.8

0.7
0.6
0.5

04 1 p=0.013 ‘

p=0.055

0.2

Human Development Index

03 ‘
p=0.003

0.1

All No NHS Single-protocol Dual-protocol  Dual-protocol
OAE OAE including aABR

9000

p=0.001

p=0.006 —‘

5000 p=0.016 —‘

4000

3000 +

2000 @

7000

8000 ‘

6000

Health Expenditure per Capita (€)

1000 b
0 L ®

All No NHS Single-protocol  Dual-protocol Dual-protocol
OAE OAE including aABR

Figure 7. Health expenditure per capita and human development index for countries divided by clusters and
for all participating countries combined. Filled circles represent the mean. Error bars represent the 95%
confidence interval. Significant and near significant differences were based on non-parametric post hoc
comparisons and adjusted with the Bonferroni correction.

In sum, study | showed that participating countries without NHS had the lowest health
expenditure per capita and human development index. Olusanya (2015) also described the
case that few LMICs have NHS. In LMICs, the highest percentage of childhood HI is
preventative (e.g., maternal infections, birth complications); and therefore, the World Health

Organization has recommended dedicating resources toward primary measures for preventing
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childhood HI over measures for detection (Neumann et al., 2019; Wilson et al., 2017; World
Health Organization, 2016). However, efforts toward prevention will never remove all
permanent HI. Therefore, even with primary measures in place aimed to reduce preventative
childhood HI, secondary measures for detection, i.e., NHS, may be most critical in LMIC
where prevalence rates of childhood HI are highest (Olusanya, 2012, 2015).

In a review of NHS among LMICs, Olusanya (2015) outlines some key health care and
societal challenges for provision of NHS in countries with limited resources. For instance,
hearing impairment may be considered a low priority among health care workers, particularly
in comparison to other conditions with a risk of infant mortality. Additionally, a lack of
funding for screening, diagnostic and intervention services, a lack of infrastructure for
sustainability of the referral and intervention pathway, and a societal stigma toward HI may
all be barriers to overcome.

In their World Report on Hearing, the World Health Organization (2021) underscores the
importance of universal NHS for detecting all infants with HI. There is general agreement
that universal NHS is cost-effective in high-income settings (Sharma et al., 2019; Sharma et
al., 2022). In more resource-constrained settings, results are not as clear. Studies based in
Thailand and Albania reported that universal NHS was cost-effective compared to no
screening (Pitathawatchai et al., 2022; Verkleij et al., 2021), while a study in China reported
that targeted NHS was more cost-effective than universal NHS, suggesting a gradual roll-out
to universal screening once other EHDI services become more aligned (Tobe et al., 2013).
The World Report on Hearing recognizes the barriers to full-scale implementation of
universal NHS in resource-constrained settings. (World Health Organization, 2021). Their
recommendation is that targeted or even opportunistic screening may be a feasible first step
toward reaching the goal for universal and nationwide implementation (Hearing screening:
considerations for implementation, 2021; World Health Organization, 2021).

5.1.2 Childhood hearing screening after the newborn period (Study I1)

Unlike NHS, pre-school or school-entry screening is not widely available in Europe. Out of
the 47 participating countries or regions, 17 reported universal preschool or school-entry
hearing screening. While some countries are newly implementing preschool or school-entry
programmes, others have halted the implementation of new programmes, cancelled or scaled
back existing ones.

This trend across countries exemplifies the lack of clarity in the literature regarding the cost-
effectiveness of preschool or school-entry screening programmes. Some studies and expert
groups have advocated for the universal preschool-age or school-entry hearing screening (LU
et al., 2011; Skarzynski & Piotrowska, 2012). However, there is currently a lack of high-
quality data on the effectiveness of preschool-age or school-entry hearing screening (Forthum
etal., 2016; Yong, Liang, et al., 2020). One recent study supported the implementation of a
school-entry hearing screening in Australia, reporting a 96% likelihood that the programme
was cost-effective (Gumbie et al., 2022). Another study showed that school-entry screening
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in one region of England was not more effective at detecting children with HI (or detecting
them earlier) compared to another region without screening (Fortnum et al., 2016). The
authors themselves noted limitations to the study and that more research is needed.
Regardless, this study has led to disinvestment of school-entry screening programmes in
England, which was also described from the survey in study Il1.

5.2 AVAILABILITY OF DATA FROM CHILDHOOD HEARING SCREENING
PROGRAMMES (Study I, II, Il and 1V)
It was evident from studies I, Il and 111 that many experts involved in regional or national
hearing screening programmes were unable to provide valid information or aggregate data on
the performance of their programme. First, findings from studies I, Il and IV illustrated a lack
of continuity in the EHDI pathway from screening to intervention. Furthermore, results from
studies Il and 11l indicated a lack of systematic data collection and quality assurance
procedures for many participating programmes for both newborn and preschool or school-
aged hearing screening. Finally, studies Il and IV revealed inconsistencies or insufficiencies
regarding the definitions and documentation of the quality indicators used for measuring the
performance of programmes.

5.2.1 Lack of continuity of the EHDI pathway

In the EUSCREEN survey, questions existed regarding the organisation, policy, protocols,
other programme components (e.g., screening profession and location), quality indicators,
costs, prevalence, and outcomes. Study | described the difficulty Country Representatives had
in reporting on all parts of their programme. Figure 8 illustrates the completion rate of
questions from participating countries or regions. Most Country Representatives could report
on the organization and planning of NHS, and the protocol and programme components;
however, for questions relating to monitoring or evaluation or intervention of HI, fewer than
20% of the Country Representatives completed all questions.
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Figure 8. The completion of questions from the EUSCREEN questionnaire, divided by category. For each
category, two value are represented: the percent of questions with valid answers combined across all
participating countries, and the percent of countries or regions that provided valid answers to all questions in
that category. The number in brackets represents the total number of questions in the respective category.
This finding was also reflected in studies Il and 1V. As shown in Table 7, more NHS
programmes had valid data on the indicators of coverage and referral rates, while few data
were available on the follow-up rates to diagnostic assessment, or the number or percentage
of children detected with HI. In study IV, 58 reported only on referral rate, 35 studies
reported on both referral and LTFU rate, and eight reported only on LTFU rate. These
findings represent an issue among EHDI programmes described elsewhere, which is the lack
of continuity in governance and data information systems between screening, diagnostics and
intervention (Alam et al., 2016; Bagatto et al., 2020; Russ et al., 2010). This breakdown
impacts families attempting to navigate the system, leading to LTFU between steps of the
EHDI pathway, and children with potential HI detected later or not at all (Hunter et al., 2016;
Russ et al., 2010). High-quality and secure data information systems are required to
overcome the challenges of tracking infants from the birth hospital to follow-up and
intervention (Finitzo & Grosse, 2003).
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Table 7. The number (percentage) of programmes where valid data could be provided for each of the quality
indicators studied.

Study II: newborn hearing ~ Study IlI: preschool/school-entry

screening programmes hearing screening programmes
(n= 42) (n=17)
Coverage rate of screening 26 (62%) 3 (18%)
I;eferral 'rate from screening to 23 (55%) 2 (12%)
iagnostic assessment
Follow-up rate to diagnostic 12 (29%) 2 (12%)
assessment
Detection rate of permanent HI 13 (31%) 1 (6%)

5.2.2 Poor availability of aggregate data on quality indicators

While many Country Representatives could report on descriptive information about their
programme, few valid data were available regarding the performance of their screening
programme. As shown in Table 7 for study I, less than two-thirds of Country
Representatives could provide valid data on coverage or referral rate for their programme,
and less than one third could provide valid data on follow-up or detection rate. Not reported
in this figure is that only 9 programmes reported on the percentage of infants referred from
step 1 screening who followed up for step 2 (rescreening). For preschool or school-entry
hearing screening in study I1, the availability of data was even poorer than for NHS. Valid
data were only available from a few programmes.

Country Representatives had two years to complete the questionnaire with ongoing
communication and support from study partners, and often sought help from other local
professionals. For example, in cases where NHS was administered separately from
intervention services, the Country Representative delegated questions specific to HI
intervention to other professionals. Still, much of these data were missing. Unfortunately, the
reason that data were not available was not investigated in these studies. It is possible that
data are collected internally by local hospitals or well-child units and not reported to regional
or national authorities; data may be reported but not accessible for distribution; or data may
not be collected at all.

Documenting and reporting outcome data are key for evaluation of a health system, be that
for a systematic evaluation, a cost-effectiveness analysis, or for continuous quality
improvement processes. Finitzo and Grosse (2003) recognized the immediate need for
effective quality management systems during the rise of EHDI programmes. They stated that
quality management systems include procedures to monitor and evaluate performance, set
benchmarks for quality indicators, and then use this information to guide modifications to the
programme (Finitzo & Grosse, 2003). In the United States, the value of quality management,
reporting, and sharing performance data has led to a national database and an annual survey
submitted by state-wide EHDI programmes (Alam et al., 2018; Gaffney et al., 2010). This
comparison across programmes allows for targeted federal support based on documented
need and improvement goals (Alam et al., 2018; Subbiah et al., 2018). Sharing performance
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data across EHDI sites is vital for gaining external perspectives, provide feedback, and
improve outcomes (Finitzo & Grosse, 2003).

5.2.3 Lack of standardization of quality indicators

Another finding from studies I to IV was the inconsistencies in how (or whether) quality
indicators were defined in NHS programmes and reports. In the EUSCREEN study, the
inconsistency with regards to definition, particularly for coverage rate, was noted early in the
data collection process, and a glossary was distributed to Country Representatives. Part of the
validation process required the Country Representatives to define their quality indicators
against the glossary.

As described in study I, the definition of coverage rate was inconsistent across the 26 NHS
programmes where valid coverage rate data were available. For 22 programmes, coverage
rate was defined as the percentage of infants who completed step 1 screening. For the
remaining four programmes, it was defined as the percentage of infants who completed all
steps of the screening process. For 19 programmes coverage rate was provided for all infants
and for the other three programmes coverage rates were provided separately for well babies
and NICU babies. A similar variability was observed for referral rate and follow-up rate.

Despite validation efforts, in-depth scrutiny of the detailed criteria for each quality indicator
was not performed in the EUSCREEN project. For example, it was unclear if families who
explicitly refused screening or diagnostics were included in the coverage rate or follow-up
rates. These inconsistences and inadequacies with regards to defining quality indicators also
existed in reviews of the literature (Mincarone et al., 2015). The inconsistent definitions used
when defining permanent HI affected the comparability of prevalence rates for newborn HI
(Bussé et al., 2020). In study 1V, only 35% of studies that evaluated and reported on LTFU
provided a description of how this indicator was calculated in the report, which also limits the
capacity to make valid comparisons across studies.

The need for standardization of definitions across programmes was lifted by the Joint
Committee on Infant Hearing (2007) as it related to state-wide programmes in the U.S.,
where national estimates are calculated and aggregate data are compared across programmes.
Differing definitions leads to under- or over-estimations in comparison to a base formula
(Alam et al., 2016). A lack of consistency directly impacts the comparability of performance
data and the feasibility for making quality improvements based on the comparative analysis
(Mason et al., 2008). Conversely, the need for standardization may not be practicable for
independent programmes that have used set definitions for their quality indicators for many
years and have established internal benchmarks based on these definitions.
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5.3 EVALUATION OF OUTCOMES FROM NEWBORN HEARING SCREENING
(Study 11, IV and V)

The following sections describe and discuss the results of outcomes of NHS collected from

studies I, IV and V. The coverage rate, referral rate, follow-up rate, and false negatives are

described. Results on the detection rates aggregated can be found in study II.

5.3.1 Coverage rate

Coverage rate outcomes were reported in study Il. For the 22 programmes that defined
coverage rate as the percentage of infants screened with step 1, five programmes reported
rates less than 95%. This included Romania where a nationwide coverage of 18% was
reported, as their screening programme is in the process of scaling up. For the four
programmes that defined coverage rate as the percentage of infants completing all screening
steps, coverage rates ranged from 93 to 99%.

5.3.2 Referral rate

Referral rate can be evaluated from screening to diagnostic assessment or for each individual
step in a screening programme. In study 11, the referral rates from screening to diagnostic
assessment for high-risk infants ranged from 4.0% to 10.2% across seven NHS programmes.
For low-risk infants, the referral rate to diagnostic assessment ranged from 0.3% to 3.5% for
14 programmes. Ten programmes reported the final referral rate for all infants, which ranged
from 0.3% to 3.5%. The issue with reporting referral rate from screening to diagnostic
assessment is that any loss to follow-up between steps will cause an underestimation of the
false positive rate. In Tuzla Canon (Bosnia and Herzegovina), the final referral rate to
diagnostic assessment was 0.4% of all infants screened; however, only 27% of infants
followed up to step 2 after being referred from step 1. Consequently, the low referral rate is
mostly a reflection of high LTFU between steps. As described, very few NHS programmes
reported on the follow-up rate between steps 1 and 2. This issue remains a limitation in how
referral rates are interpreted.

The referral rate from step 1 was also evaluated in this thesis in studies Il and IV. Figure 9
illustrates referral rates reported in study Il for each step 1 to 4 (where applicable) for the
NHS programmes where these data were available and valid. The influence of a multi-step
protocol on the final referral rate will be discussed in a later section. However, these data also
demonstrate the variability in step 1 referral rates across NHS programmes. A similar trend
was observed in study 1V in which step 1 referral rates ranged from 0.6% to 32.2% across 41
studies on low-risk infants. The wide variability in referral rate from step 1 is further
discussed in a following section of this thesis as it relates to the mechanisms and context of
an NHS programme.
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Figure 9. Referral rates for low-risk infants from steps 1 up to 4 were reported by Country Representatives,

where applicable and if valid data were available. For some NHS programmes, only referral rates from step
1 were available.

5.3.3 Follow-up rate or lost to follow-up rate

The follow-up rate (or lost to follow-up rate) was analyzed in studies Il and V. Follow-up
rates were quantified from step 1 to step 2 and from the final screening step to diagnostic
assessment. In study I, the follow-up rate from screening to diagnostic assessment ranged
widely, from 19% to 97% across 12 programmes. Only four of these 12 programmes reported
follow-up rates of 90% or higher. The follow-up rate between steps 1 and 2 ranged from 27%
to 97% across nine programmes. This variability was also demonstrated in study V.

The results of this thesis showed that the problem with LTFU is ubiquitous. LTFU is clearly a
major barrier for EHDI in many countries and regions. Simply put, children are referred from
screening because of the suspicion of HI; if these children are not followed-up, the
effectiveness of the programme is reduced (Verkleij et al., 2021). Most importantly, there is a
risk that children with HI are not offered the timely intervention they need. As described in
study 1V, the proportion of studies analyzing programme factors that affect LTFU were
lacking in comparison to studies aiming to improve referral rate. Although not included study
IV, studies that do exist about LTFU often analyzed family-level risk factors, such as material

smoking habits (Cheung et al., 2022; Cunningham et al., 2018; Razak et al., 2021; Zeitlin et
al., 2017; Zeitlin et al., 2021).

It is particularly vital that infants with risk factors for HI are followed up. Study IV reviewed
24 reports where LTFU was measured between high- and low-risk infant groups. The reports
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were inconsistent as to whether high-risk infants had higher rates of LTFU compared to low-
risk infants. Two reports that modeled the influence of risk group revealed a significantly
higher likelihood that high-risk infants were LTFU compared to low-risk infants (Razak et
al., 2021; Vohr et al., 2002). Although these articles bring awareness about the issue and
barriers to follow-up, very few studies have analyzed possible strategies for improvement
(Hunter et al., 2016; Russ et al., 2010; Thomson & Yoshinaga-Itano, 2018). More focus on
quality improvement strategies can help improve follow-up rates for all children referred
from screening.

5.3.4 False negatives

The false negatives from screening were estimated in study V. Although a question on
sensitivity and false negative rate was asked in the EUSCREEN questionnaire for study Il, no
Country Representative provided these data. This was expected, given the complexity in
calculating sensitivity or false negatives from newborn hearing screening. In study V, false
negatives from TEOAE screening were estimated based on a retrospective analysis of
children with HI who passed. Out of 1244 children with HI in the cohort studied, 260 were
documented as having passed TEAOE screening in both ears; 211 of whom had TEOAE data
available. After cross-checking the TEOAE data to the passing criteria, it was observed that
11% of children were misidentified as having passed the screening. Furthermore, two results
from the TEOAE predicted the outcome of HI among children that had previously passed
NHS. This implies that some ears likely had a HI that could have been identified at birth, if
stricter TEOAE passing criteria were in place.

Given the success of NHS, it may be easy to neglect the fact that not all infants with
congenital HI are detected by NHS (Joint Committee on Infant Hearing, 2019). Study V
corroborated early findings from Norton et al. (2000) showing evidence of the existence of
false negatives in an NHS programme. However, it is impossible to estimate the actual false
negative rate in the retrospective design of study V because of the likelihood of delayed-onset
HI in the study group.

In study V, 59% of ears with HI that passed TEOAE had mild HI. Traditionally, NHS was
not designed to detect infants with mild HI (Joint Committee on Infant Hearing, 2019). This
is evidenced by results of study I. Across NHS programmes surveyed, the target HI for NHS
was over 35-40 dB HL for 23 programmes. For an additional nine programmes, the target Hl
included mild HI of less than 35 dB HL. There is growing evidence for the importance of
intervention for children with mild HI (Walker et al., 2015), though uncertainty remains
regarding if and how children with mild HI should be intervened (Ching et al., 2021). As
more evidence becomes available on best practice for infants with mild HI, modifications to
the NHS protocol to improve false negative rates may be warranted so that these infants are
detected earlier, and appropriate and timely interventions can be offered.
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5.4 EVALUATION OF PROGRAMMES AND PROTOCOLS FOR NEWBORN
HEARING SCREENING (Study |, I, IV and V)

Results from studies I, I, 1V and V described protocol and programme components of NHS

and the respective outcomes. VVarious mechanisms in an NHS programme were connected to

potential outcomes, which may be modified by contextual factors. Some key components and

processes of an NHS programme are discussed in the following sections.

5.4.1 Protocol

The protocol used for screening was a variable of interest for studies I, I, IV and V. The
protocol included the test method used for screening, the number of steps, and the passing
criteria.

5.4.1.1 Using aABR for high-risk infants

For the countries or regions surveyed in study I, the test method and number of steps used for
high- and low-risk infants are described in the Appendix (Table A-1). As shown in Figure 7,
countries included in the cluster single-protocol for all infants with OAE-only had
significantly lower health expenditure per capita and human development index than
countries in the cluster dual-protocol with aABR included for low-risk infants. These results
suggest that countries with lower health spending chose not to include aABR technology,
even for high-risk infants. It is well recognized that aABR should be used for infants in the
NICU (EFCNI et al., 2018; Joint Committee on Infant Hearing, 2019), due to the increased
prevalence of ANSD among this population compared to well babies (Berg et al., 2005;
Rance et al., 1999). The start-up costs for aABR equipment are estimated to be about double
the cost of OAE (Boshuizen et al., 2001; Lemons et al., 2002; Ong et al., 2020; Vohr et al.,
2001). This may deter programmes with limited resources to purchase aABR devices for
high-risk infants, opting instead for an OAE-based programme that reaches all infants.

5.4.1.2 Using aABR for low-risk infants

The implications of using aABR for low-risk infants were investigated in studies I, Il and 1V.
Results from study Il showed that NHS programmes that used aABR in their low-risk
screening protocol had overall lower referral rates to diagnostic assessment (pooled referral
rate of 1.7%) compared to protocols using OAE only (pooled referral rate of 2.1%). Study 1V
showed that if a two-technology screen was used before discharge (first OAE and then aABR
if OAE fails), the overall referral rate was lower, compared to using OAE only (Gravel et al.,
2000; Lin et al., 2005; Lin et al., 2007; Shang et al., 2016). Results from study | showed that
countries in the cluster that used aABR for low risk infants had the highest health expenditure
per capita and highest human development index. However, using aABR may be a
worthwhile investment even for countries with limited resources, given the cost-savings from
lower referral rates. Verkleij et al. (2021) demonstrated that a two-technology protocol, OAE
and aABR before discharge, is the most cost-effective option for well-baby screening in
Albania.
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From study I, only two NHS programmes used aABR in step 1 for low-risk infants. In study
IV, 14 reports were synthesized that described the differences in referral rate between
TEOAE and aABR as the initial screening method for low-risk infants or all infants
combined. Twelve of 14 studies reported lower referral rates from step 1 using aABR
compared to TEOAE. Eight studies showed that the referral rate with aABR was 1% to 9%
lower than with TEOAE. Three studies showed a much greater reduction in referral rate, with
differences of 36%, 44% and 64%.

Using aABR as the primary screening method for low-risk infants is cost-effective according
to an economic evaluation in Australia where aABR is used (Sharma et al., 2022). An earlier
study by Lemons et al. (2002) demonstrated that aABR is an overall cheaper option
compared to TEOAE due to the lower referral rate achieved with aABR, despite the
difference in initial technology costs. In contrast, Verkleij et al. (2021) reported that the
aABR-only protocol was more expensive than protocols using an OAE-only or a two-
technology protocol; however, it also resulted in a more effective programme given the lower
referral rate and lower risk that infants are missed between multiple inpatient screens.
Therefore, the decision to use aABR instead of OAE for step 1 may depend on the contextual
factors. For example, aABR may be preferred over OAE if LTFU rates are particularly high.
Countries or regions with early discharge from the maternity ward may also benefit from an
aABR-only protocol, especially if there is a low participation rate to postnatal follow-up
appointments. NHS programmes that are struggling with high referral rates from OAE
screening may choose to pilot an aABR protocol to attempt to reduce referral rates. On the
other hand, study 1V showed a wide range of referral rates for both OAE (3% to 71%) and
aABR (1% to 23%) across the 14 studies synthesized. This demonstrates that technology
choice is not the only reason for variation in referral rates. Therefore, quality improvement
may begin by brainstorming the specific reasons behind the high referral rate, prior to
adjusting the protocol.

5.4.1.3 Number of steps or screens

The number of steps was investigated in studies | and 11. The most common low-risk
protocols among the NHS programmes surveyed were a 2-step OAE protocol and a 3-step
OAE, OAE, aABR protocol. Figure 9 illustrates the impact of multiple screening steps on the
referral rate, extracted from study Il. The pooled final referral rates for protocols with aABR
were 1.66% for programmes with a 2-step protocol and 0.80% for programmes with a 3- or
4-step protocol. Although more screening steps can improve the false positive rate, it also
increases the risk of LTFU between steps. This reduces the overall effectiveness of the
screening programme (Verkleij et al., 2021). Therefore, an analysis of context specific to the
country or region where screening is implemented may be a beneficial first step toward
deciding the number of steps and the test method in the protocol.

The number of screens is defined here as the number of repeat attempts to achieve a pass
within a single step. In study 1V, the use of multiple screens in step 1 was a variable
measured in six reports. For both OAE and aABR screening, performing a repeat screen
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before discharge from the maternity ward lowered the referral rate. For some reports, these
two screening attempts occurred hours apart and thus could also be related to the age of the
infant when tested (Burdzgla et al., 2007; Shoup et al., 2005). However, for two other reports,
rescreening was performed immediately after a fail with OAE, still resulting in a reduction of
the referral rate from 5.2% to 3.6% in one report (Korres et al., 2005) and from 15.4% to
8.7% in another report (Vernier et al., 2021). Some example reasons for such a reduction in
false positives from rescreening could be a blocked probe that is replaced or a noisy infant
that is settled.

Given the inconsistency in the definition of a “step” described earlier, clarification questions
were posed to Country Representatives as to whether multiple screens were performed in one
step. The results are denoted with an asterisk in Table A-1 (appendix). Most Country
Representatives could not report on whether multiple screening attempts were performed in
their protocol, which implies that some screeners may naturally attempt a rescreen while
others do not. Conversely, with too many screening attempts, the risk of a false negative
increases (Hyde, 2016; Joint Committee on Infant Hearing, 2019). Therefore, standardization
of such procedures could provide improvements in the false positive rates while also
minimizing the risk of false negatives due to over-screening.

5.4.1.4 Passing criteria

Passing criteria were analyzed in studies I, IV and V. Passing criteria were surveyed in study
I. In study IV, reports that investigated the impact of passing criteria on referral rate were
synthesized. In study V the passing criteria used for OAE were investigated more thoroughly
as they relate to the likelihood of false negatives.

In the EUSCREEN survey, out of the 26 NHS programmes that used OAE, 20 reported that
passing criteria were defined by the screening device. For six programmes, Country
Representatives reported on the criteria used to define a passing OAE test (DPOAE or
TEOAE). These criteria ranged from 3 to 6 dB SNR at three to five frequency bands. In
Stockholm Region, a 70% reproducibility criterion was also applied. For aABR, passing
criteria were defined in terms of the minimum stimulus level where a response is detected.
This level ranged from 30 to 45 dB nHL across 25 NHS programmes that used aABR for
high- and/or low-risk infants. Out of these, 18 used 35 dB nHL as the passing intensity.

In study V, TEOAE data were analyzed for suspected false negatives and matched to a group
of controls with normal hearing. Based on the findings, implications can be made with
regards to false negatives and passing criteria. The results from study V showed the influence
of two variables in final the logistic regression model, described in

Table 8. These findings suggest that, if an SNR of 6 dB was used at 4 kHz, or if a minimum
TEOAE amplitude in the mid-frequencies was applied, then more infants with HI would have
failed OAE screening. The majority of these infants had mild HI.
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Table 8. Results of the conditional logistic regression analysis showing two significant variables from the
optimal model. The outcome 1 was hearing impairment (HI) and 0 was no HI.

Significant variables Odds  95% confidence

in final model p-value ratio interval Interpretation of odds ratios
SNRof>6dBat4 |<0.001 024 0.11t00.51 The odds of a HI decreases by
kHz (ref: < 6 dB) a factor of 4 when SNR >6 dB.
TEOAE amplitude, | <0.001 0.90 0.87t00.93 The odds of a HI decreases by
mid-frequencies 10% for each 1 dB increase in
(1.5 and 2 kHz) TEOAE amplitude

The potential consequence of increasing the stringency of the passing criteria is the risk for
increasing false positives. In study V, 2.8% of ears without HI would have theoretically failed
had 6 dB SNR been a required criterion for a pass. However, in study 1V, four reports
compared referral rate across passing criteria for OAE in a field setting (De Ceulaer et al.,
1999; Gabbard et al., 1999; Korres, Balatsouras, et al., 2003; Korres et al., 2005). All reports
showed negligible to no differences in referral rate after increasing the passing criteria from 3
to 6 dB SNR across the required frequency bands. Therefore, the benefit of detecting more
children with HI may outweigh the risk of more false positives.

For aABR, modifying the passing criteria means altering the minimum stimulus intensity.
Although aABR was not evaluated with regards to false negatives in this thesis, it has been
investigated by others. Johnson et al. (2005) showed that approximately 23% of infants with
HI passed aABR at 35 dB nHL, and Levit et al. (2015) found that 52% of infants with HI
passed aABR at 45 dB nHL. The majority of infants that passed aABR in both studies had
mild HI. The decision to increase stringency for passing criteria may rely on the situation in
the country or region. Example contextual questions are, what is the existing pathway for
intervention for children with mild HI, what is the current demand for intervention, what is
the healthcare infrastructure and attitudes of clinicians for intervening mild HI among infants
and young children, what is the existing false positive rate, and what are the wait times for
diagnostic assessment among children who fail screening.

5.4.2 Age of the infant at initial screen

Studies I, 11, and 1V assessed the age that low-risk infants should complete step 1. For study I,
the question was categorical: <24 hours, 24-72 hours, or >72 hours, though more than one
category could be selected. Six programmes exclusively screened infants after 72 hours from
birth. One programme exclusively screened infants before 24 hours from birth. The
remaining 32 programmes screened between 24-72 hours from birth; three of these
programmes also screened after 72 hours and two also screened before 24 hours from birth.

In study II, the reported referral rates were compared to the minimum age at screening. The
referral rate from step 1 was reported by Country Representatives from 13 NHS programmes.
For two programmes that screened infants prior to 24 hours from birth, referral rates were 6%
and 22%. The pooled referral rate for the eight programmes that screened from 24 hours
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onward was 7.5% (range of 1.8% to 15.3%), and for three programmes that screened from 72
hours onward, referral rates were 3.8%, 4.0% and 4.3%.

The impact of age on referral rate is a common topic in the literature, as screening at the
optimal age can reduce the risk of false positives due to the presence of fluid or debris in the
ear after birth (Kemp & Ryan, 1991). In study 1V, eleven reports compared the referral rates
from step 1 across the first week of life, for low-risk infants or all infants combined. For
aABR, one report showed a decline from 22% to 11% within the first two days (Kelly et al.,
2021), and the other showed no noticeable difference, though referral rates were around 1%
from day 1 (Chung et al., 2019). For OAE, all nine reports showed decreasing referral rates
from birth up to 3 days of age (Arslan et al., 2013; Berninger & Westling, 2011; Dimitriou et
al., 2016; Hrncic et al., 2019; Korres, Nikolopoulos, et al., 2003; Tabrizi et al., 2017; Vernier
etal., 2021; Vohr et al., 1993; Wessex Universal Neonatal Hearing Screening Trial Group,
1998).

After day 3, the trends differed across reports. In some reports, a plateau was reached around
day 3 to 4 onward (Arslan et al., 2013; Tabrizi et al., 2017; Vohr et al., 1993). In three other
reports, referral rates increased slightly after day 4 (Berninger & Westling, 2011; Dimitriou et
al., 2016; Wessex Universal Neonatal Hearing Screening Trial Group, 1998). Two studies
also showed higher referral rates when screening was performed 2 weeks to 2 months of age,
compared to a few days after birth (Kolski et al., 2007; Uilenburg et al., 2009). One possible
explanation of increasing referral rates after 3 to 4 days of age is increasing rates of OME
(Berninger & Westling, 2011). Another explanation might be the increasing alertness,
movement, and noise produced by newborns within the first weeks of life.

From these findings, screening between 3 to 5 days of age results in the lowest referral rate.
However, the optimal age may vary based on the context. For example, for countries and
regions with discharge from the maternity ward before 3 days postpartum, the initial
screening step will either occur earlier than 3 days in the maternity ward or during an
outpatient appointment. In this case, the consequence of increasing false positives from an
early screen should be weighed against the feasibility of performing an outpatient screen and
the risk of poor coverage rates if existing participation rates to postnatal appointments are
low.

5.4.3 Location of screening

Location was evaluated in studies | and V. Country Representatives in study | reported that
screening was performed in the maternity hospital or NICU, with the exception of three
programmes.

Study IV synthesized reports that investigated the relationship between screening location for
step 2 and LTFU rate. According to five reports, the location of step 2 can be an important
factor determining whether families return to their follow-up screening appointment (Barker
et al., 2013; Cunningham et al., 2018; Hunter et al., 2016; Thomson & Y oshinaga-Itano,
2018; Uilenburg et al., 2009). The ideal location for step 2 may depend largely on the
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context. One report showed a higher LTFU when step 2 was performed in a well-baby clinic
compared to a home visit (Uilenburg et al., 2009). Another report showed better follow-up
among low-income families if step 2 was performed in collaboration with community infant
health clinics and held at their locations (Hunter et al., 2016).

5.4.4 Screening professionals and experience

There were a variety of professionals who perform screening. The professions named by
Country Representatives in study | included nurses, midwives, audiologists, and physicians
(ENTSs, paediatricians), other health care workers including technicians, and dedicated lay
screeners. In study 1V, the screening profession itself was not related to the referral rate for
aABR, according to one report (Stewart et al., 2000). There was also inconsistency in the
correlation between screener experience on referral rate. One report showed that the
experience of the screening staff is an influential factor for referral rates with OAE but not
with aABR (de Kock et al., 2016). Another study found no differences in referral rate from
OAE screening across screener experience level (Gallus et al., 2020). Although excluded
from study 1V due to quality, Lemons et al. (2002) reported a lower referral rate due to
screener experience for aABR but not OAE. In sum, there is little consistency, and other
contextual factors are likely involved in the relationship between screener experience and
referral rate.

For example, results from study 1V showed that hospitals with higher birth rates tended to
have overall lower referral rates and lower LTFU (Mehl & Thomson, 2002; Prince et al.,
2003; Thomson & Yoshinaga-Itano, 2018). However, this was not consistent across reports.
In one report, the high birth rate caused extra pressure on screeners to complete screening
together with their other duties, causing a higher referral rate and higher LFTU than a hospital
with low birth rate (Scheepers et al., 2014). In other reports, NHS was embedded in a larger
regional programme, so that the smaller organization could be supported by a larger network
(Fan et al., 2010; Hergils, 2007). Two additional reports also showed that amalgamation of
smaller programmes resulted in better LTFU rates than if local screening sites were managed
independently (Barker et al., 2013; Park et al., 2020).

The importance of audiology involvement in the screening programme to achieve low LTFU
was emphasized by Thomson and Yoshinaga-Itano (2018). According to this report, if an
audiologist was involved in the NHS programme, the influence of other factors on LTFU rate
(i.e., hospital size, step 2 location) became no longer significant or less influential. An
audiologist involved in managing the NHS programme can act as a facilitator for supporting
and educating screening staff and managing the quality control aspects of the programme.

As with other mechanisms in NHS, the relationship between staffing and outcomes may
depend largely on the context. These factors could include the attitudes of screening
professionals, the structure and workload of existing neonatal care professionals, and funds
available for hiring dedicated staff. Using existing nursing staff to carry out screening in
addition to their regular duties may be a cheaper option at first (Lemons et al., 2002).
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However, there is a risk that clinical staff become overburdened, resulting in lower coverage
rate (Friderichs et al., 2012), higher referral rate or higher LTFU after screening (Scheepers et
al., 2014). Therefore, the use of existing clinical staff for NHS could be possible if workload
is managed appropriately. An audiologist on site to facilitate screening may help with quality
management and improve outcomes (Thomson & Yoshinaga-Itano, 2018).

5.5 EVALUATION OF PROGRAMMES, PROTOCOLS AND OUTCOMES FOR
CHILDHOOD HEARING SCREENING AFTER THE NEWBORN PERIOD
(Study III)

Study 111 focused on childhood hearing screening after the newborn period. The protocol

including the test method, other programme factors, and the available outcomes are discussed

in the following sections. As described previously, no screening was reported between the
newborn period and 3 years of age. This evaluation therefore focuses on preschool- and
school-entry hearing screening.

5.5.1 Protocol

The test method used for preschool- or school-entry screening was predominantly pure-tone
audiometry screening. In all 17 countries or regions with universal programmes, pure-tone
audiometry screening was performed. Country Representatives from eight additional
countries or regions reported that some screening was performed (e.g., not routine,
opportunistic, or varies across the region). Of these, two reported that the whispered voice
test was used, while the others used pure-tone audiometry screening. The sensitivity of the
whispered voice test in children under 6 years of age ranges between 56% to 96% (Pirozzo et
al., 2003; Skoloudik et al., 2020). Despite the relatively low sensitivity, no equipment is
required, which makes this test a feasible option for countries or regions that lack resources
for purchasing screening audiometers. No programmes reported using any alternative
technology, like speech-in-noise tests.

The passing criteria for pure-tone audiometry screening varied across the 10 universal
programmes where criteria were reported. All screening programmes included the
frequencies 1, 2 and 4 kHz, except one which did not screen at 2 kHz. Eight programmes also
screened at 500 Hz. The passing intensity ranged from 20 to 40 dB HL. Similar to NHS,
deciding on the stringency of the passing intensity will depend on local factors, such as the
burden on diagnostic clinics and the existing practice for diagnosing and intervening mild HI.
For school-entry hearing screening, detecting and diagnosing mild HI may be more crucial,
compared to the newborn stage, as studies have shown the consequences of mild HI and
effects of amplification on language development in school-age children (Walker et al., 2015;
Walker et al., 2020).

5.5.2 Other programme factors

The professionals performing the screening varied across the 17 programmes with universal
screening. Nurses were the most common professional reported. Other professionals included
speech-language therapists, audiologists, and physicians. Out of 17 programmes, the location
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of screening was divided between school (nine), health clinics (seven) or both (one). Example
A decision-maker may consider contextual factors when deciding on the location and
screening professional, such as the existing framework for health screening in schools or
well-child clinics, and the capacity for nurses or health workers to take on an additional task.

The age at which children are screened ranged from 3 to 7 years of age. Screening at the age
of 3 years is advantageous for detection HI as early as possible, but it may not be suitable if
there is no working system for health check-ups, or if participation rates in preschool are low
at this age. The other effect of screening at 3 to 4 years of age is that more false positives are
reported due to factors such as sustained attention, reliability issues with low-frequency tones,
and high rates of OME (Browning, 2000). Conversely, waiting until age 6 or 7 before
screening can be detrimental to children with HI who would benefit from intervention earlier.

5.5.3 Outcomes

Coverage rates were reported from three countries: 97%, 99%, and 45%. This last rate was
the national coverage rate in Serbia; the regional rate in Belgrade was 92%. For referral rate,
two countries reported final referral rates of 7.6% and 7.9%. Follow-up rates were poor for
both countries, 58% and 77%. Similar to NHS, preschool and school-entry hearing screening
suffers from issues with follow up. More detailed investigation is needed on the barriers to
follow-up for these programmes.

5.6 STRENGTHS AND LIMITATIONS

5.6.1 Study I, Il and Il

The EUSCREEN survey presented many strengths, but also some limitations. The limitations
of studies I, Il and Il were apparent early on in data collection. Specifically, the clarity of
certain questions was poor which caused misinterpretation by the Country Representatives
and issues with the validity. In order to resolve the situation, a glossary was created, and
clarification questions were drafted to ensure understanding. However, it was not feasible to
overburden Country Representatives with many additional questions, and therefore, selected
clarification questions were posed that could offer a comprehensive overview of the status
and outcomes of the hearing screening programme. In addition, the questionnaire was long,
which made it difficult for many Country Representatives to remain engaged. A significant
time commitment was required on part of the Country Representatives to complete all
questions. The difficulty for Country Representatives to aggregate the information requested
was also an unexpected obstacle. Although the Country Representatives were compensated
for completing the questionnaire, these challenges could have been avoided with more
planning prior to widespread release of the questionnaire, such as a more thorough piloting
and translation of the questionnaire into local languages.

Country Representatives who responded to the EUSCREEN survey often worked closely
with their local screening programme. Therefore, the prospect of reporting bias was not
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overlooked. This limitation was previously discussed under Ethical Considerations, in
addition to the steps taken to mitigate the risk.

Another limitation to the EUSCREEN questionnaire stemmed from the variability in how
outcomes were defined and measured across programmes. This made it difficult to compare
outcomes across programmes. For example, quality indicators were defined differently across
programmes. Additionally, questions on specific outcome (e.g., the percentage of infants
screened diagnosed with HI >70 dB), some Country Representatives remarked that providing
this value was not possible, as other threshold values were used for reporting on the detection
rate (e.g., 60 or 80 dB). This barrier for comparing data across NHS programmes will
continue unless universal agreement is made for standardization of quality indicators (Alam
et al., 2016; Mason et al., 2008).

Notwithstanding the limitations of the EUSCREEN questionnaire (studies, I, 1l and I11), this
study offered a comprehensive evaluation of childhood hearing screening across a large
number of countries, primarily in Europe. Due to the in-depth cross-checking and validation
methods, these studies resulted in a large volume of high-quality information. Procedures for
validation procedures were necessary to avoid inaccuracies due to limitations described.
Moreover, the variability in data quality across programmes, albeit a limitation, also became
a key finding of the EUSCREEN project. It underscores the requirement for thorough
documentation and quality management in EHDI.

5.6.2 Study IV

Study IV was a systematic review of the literature. The risk of reporting bias is discussed in
the ethical considerations (under Methods). Two additional limitations can be drawn from
this study. First, there were 900 records that met title/abstract criteria for inclusion, yet were
further excluded because they were not written in English. Although the large majority of
these reports would have been excluded from the full-text sorting, the language bias is
concerning given the quantity of non-english records located. It is possible that NHS
programmes tested various options for implementing or modifying their screening
programme, which were then published in local journals in the local language. Unfortunately,
the resources were not available for translating the 900 reports in 25 different languages.
However, the reports that were included in the review originated from 31 countries and six
continents. Therefore, despite the language bias, study IV offered a wide view of the protocol
and programme factors influencing NHS programmes around the world.

Next, the issue with defining LTFU is apparent in study V. This was discussed previously as
a finding in this review; however, it is also important to consider as a limitation as it affects
the generalisability of the LTFU results. As described for the EUSCREEN questionnaire,
there is no standardization in how quality indicators are defined across NHS programmes.
Given this variability noted, it is important for future reports on NHS outcomes to define their
calculations for all indicators used.

48



The strength of study IV is its comprehensiveness and practicality. This study was a large
investigation into the mechanisms and outcomes of NHS, covering a broad range of
components that make up a screening programme. A huge body of literature was screened,
evaluated, and synthesized. The results offer a foundation for EHDI decision-makers to
evaluate the key options in an NHS protocol or programme factors for implementing or
modifying a programmes in their context.

5.6.3 Study V

The limitation in study V was the likelihood of delayed-onset or acquired HI in the study
group. Study V retrospectively evaluated TEOAE results to predict whether certain criteria
could distinguish ears with HI from normal hearing. The study group was restricted to

children detected with HI before age 8; however, there are multiple causes of HI in childhood

after the newborn period. Medical records were not accessible in this study; therefore, it is
probable that some children who acquired HI after birth were included in the study group.
Furthermore, delayed-onset HI cannot be definitively separated from congenital HI even if
medical records were accessed. This remains a limitation in all research that evaluates
childhood HI after the newborn period. This bias would have caused an underestimation of
the effect. However, even with this underestimation, the results of study V showed that
certain TEOAE criteria significantly differentiated the two groups.

Despite its limitation, study V provided new evidence that NHS programmes miss children
with HI. Outcomes from NHS programmes typically include the coverage rate, referral rate,
follow-up rate and detection rate (Joint Committee on Infant Hearing, 2007; Wood et al.,
2015). The rate of children with HI missed by screening is an outcome that is widely
overlooked (Norton, Gorga, Widen, Folsom, et al., 2000), likely due to the difficulty in
distinguishing these children from delayed-onset HI, as previously discussed. Study V
utilized the unique registry in Region Stockholm storing TEOAE data for all children born

since 2006. Because of the availability of these data, the results of study V could evaluate the

presence of false negatives, something that is rarely possible in NHS programmes, and a
novel evaluation of TEOAE variables and human error in NHS data management.
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6 CONCLUSIONS

The following conclusions can be drawn.

In many high-income countries with high health spending, universal newborn hearing
screening programmes exist, and best practice guidelines are followed for high-risk
infants. However, progress still needs to be made in more resource-constrained
countries to improve the detection of HI for all infants.

Preschool or school-entry hearing screening programmes are not widely available.
There is no clear consensus on whether preschool/school-entry hearing screening
should be implemented, sustained or discontinued.

Lost to follow-up is a ubiqutous problem for childhood hearing screening
programmes. Furthermore, some children with HI who fail screening may be
incorrectly documented as having passed. These issues present a major concern that
children with HI are not diagnosed early due to LTFU or errors in documentation.

By altering the passing criteria for TEOAE (i.e., using 6 dB SNR at 4 kHz and a
minimum TEOAE amplitude in the mid-frequencies), the detection of HI can be
improved. Increasing the stringency is unlikely to significantly affect the referral rate.

Some NHS programmes do not use aABR for high-risk infants, despite widely
recognized recommendations. These countries have, on average, lower health care
expenditure per capita than countries that follow recommendations. The benefit of
universal screening with a cheaper technology may outweigh the benefits of detecting
cases of ANSD.

NHS programmes that include aABR in their protocol for low-risk infants had the
higher health expenditure per capita, on average. Because aABR reduces the referral
rate to diagnostic assessment, it may be a cost-saving addition to protocol. This may
also be true for using aABR for step 1. However, there was a wide range of referral
rates across programmes that used either screening method. Therefore, the decision to
replace OAE with aABR for step 1 should be made with consideration of the local
quality improvement needs of the NHS programme.

Factors that might be considered to reduce the referral rate are: the number of steps in
the protocol, repeat screening within a step, age of the infant at the initial screen, the
screener experience and the organisational structure of the NHS programme (e.g.,
smaller NHS programmes networking with larger programmes).

Factors that may be considered to reduce the LTFU from screening step 1 are: the
location of step 2 screening, the experience of the screeners, and having an
audiologist involved in the programme.
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Data availability was poor. Just over half of the participating NHS programmes had
valid referral rates, and less than a third had valid rates for follow-up from screening.
For childhood hearing screening programmes after the newborn period, only two
could provide valid data on these performance measures. In order to apply any of the
other findings from this thesis, the initial step for any childhood hearing screening
programme is to assess its existing quality. This is done by defining quality indicators,
and then collecting and reporting on the key outcomes from screening, diagnosis and
intervention. With a sustainable system for monitoring and evaluating outcomes over
time, decision-makers can then assess the areas of concern and apply these strategies
for improving their childhood hearing screening programmes.



7 POINTS OF PERSPECTIVE

7.1 IMPLICATIONS FOR DECISION-MAKERS

The realist evaluation framework used in this thesis provided a structure for how the
mechanisms of a childhood hearing screening programme were related to outcomes and
modified by context. Each childhood hearing screening programme is unique, and decision-
makers must make certain choices when implementing or modifying their NHS programme.
Decisions on key parameters may include targeted versus universal screening, the target
condition for screening, the test methods, the passing criteria, the number of steps, the location
of screening, the age of the infant/child when screened, and the organizational structure of the
programme. Table 9 provides a list of examples derived from the results of this thesis that may
be useful for decision-makers implementing or modifying an NHS programme. The definition
of decision-makers are any group or individual who makes decisions with regards to EHDI.
This could include government policymakers, EHDI expert committees, programme managers,
screening professionals, and screening device manufacturers.

Some practical advice derived from this thesis is presented below:

Perform a cost-effectiveness analysis prior to implementation or de-implementation of
preschool or school entry hearing screening. The results of this thesis revealed no consistency
across countries or regions toward implementation or de-implementation of preschool or
school-entry hearing screening. This inconsistency is mirrored in the literature on the cost-
effectiveness of these programmes (Fortnum et al., 2016; Gumbie et al., 2022).

Reduce LTFU by holding rescreening appointments at an accessible location, schedule
rescreening directly, allow screeners to gain experience without becoming overburdened, and
have an audiologist involved in the screening programme. LTFU remains a major obstacle for
many of the NHS programmes surveyed, and for the two preschool or school-entry hearing
screening programmes that provided this outcome.

Be aware that low TEOAE amplitude or SNR that barely meets passing criteria may be
evidence of a mild HI. Increase the stringency of passing criteria to detect more infants with
congenital HI. The SNR at 4 kHz could increase to 6 dB, and a minimum amplitude could be
set in the mid-frequencies.

Consider the risk of false negatives with setting the default passing criteria used and increase the
transparency of the algorithm. It is important for EHDI decision-makers to be critical of the
passing criteria used in automated devices, to ensure that referral rates are reasonably low, yet
infants with HI are not being missed.
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Streamline and digitalize the screening results from the device directly into a tracking database.
Some children with HI should have failed the screening but were incorrectly entered into the
database as a pass. An automated transfer of screening results will mitigate the risk of error.

Consider solutions to reduce false positives and write them into protocol, such as using aABR,
screening 3 to 5 days after birth, increasing the capacity for screeners to gain experience and
network between sites, rescreening immediately after an initial fail, and performing screening
only when the infant is calm. Incorporating aABR into the screening protocol after OAE fail
will reduce referral rates to diagnostic assessment. Using aABR instead of OAE as the primary
screening method may reduce referral rates from step 1 and detect cases of ANSD. Screening
on 3 to 5 days after birth is the optimal window for screening. Additionally, how a programme
is networked between local screening sites and the experience and workload of the screening
staff can influence the performance of the screening programme. Finally, other factors that may
seem trivial can influence referral rate, such as rescreening immediately after a fail and
screening only when the infant is calm.

While the results of this thesis offer ideas for decision-makers to modify their screening
programme and improve results, decisions should only be taken based on the needs and
circumstances within a certain context. Preschool- or school-entry hearing screening may take
place either in a school setting or in the well-child clinic depending on context. The advantages
and disadvantages of screening younger versus older children discussed in this thesis should
also be considered. For NHS, the decision on who should perform screening (e.g., a dedicated
lay screener or health care worker such as a nurse or midwife) should be considered relative to
factors such as existing workload and capacity for training. Similarly, the existing framework in
postnatal care can help in deciding whether screening is performed in the maternity hospital or
in an outpatient setting.

Improve documentation and definitions in the screening protocol. There were insufficiencies in
how protocols and quality indicators were documented and defined across screening
programmes. In the systematic review, many studies failed to define LTFU. Furthermore, many
Country Representatives could not provide details on details of the protocol, such as the passing
criteria or whether screeners performed multiple immediate rescreens after a failed test. These
seemingly negligible parameters were shown in this thesis to contribute significantly to
screening outcomes. Therefore, they should be written into protocol.

Implement sustainable procedures for quality management. Many Country Representatives
could not provide valid data on the performance of their screening programme. Although some
data may be available internally, it is likely that for many countries or regions, quality
management was not regularly performed. Quality management should be in place to ensure an
effective EHDI programme (Joint Committee on Infant Hearing, 2019). This should include
ongoing data collection, evaluation and reporting of predefined quality indicators.
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Table 9. Examples of the realist evaluation for components of newborn hearing screening, including the mechanisms and outcomes with their potential influential contextual

factors.
Mechanism Examples of contextual factors Outcomes
Test method | Using aABR instead of OAE for - Low attendance to postnatal follow-up after maternity - Increased coverage rate
step 1 before discharge from discharge - Lower referral rate from step 1
maternity hospital - Policy for early discharge from maternity - Increased detection of ANSD for
- High LTFU well babies
- Funding available for implementing aABR
- Priority for ANSD detection among well babies
Using aABR for step 2 or step 3 - Funding available for purchasing aABR devices - Lower referral rate to diagnostic
after previous OAE fail - Infrastructure for aABR-trained personnel (and assessment
devices) at step 2 or 3 follow-up locations
- High referral rate; burden on diagnostic services
Using OAE for all infants - Limited resources allocated for screening - Higher coverage rate
(including high-risk) - Little experience with newborn hearing screening - Faster training and
- Untrained screening personnel implementation
- Lower costs
- No detection of ANSD among
high-risk infants
OAE pass Increase stringency to include - Low refer rates in current screening programme - Higher referral rate
criteria SNR of 6 dB and minimum - Clinical recognition for necessity of intervention of - More children with HI detected
TEOAE amplitudes at select mild HI by OAE screening
frequency bands - Clinical pathway for mild HI follow-up and/or
intervention
Number of Increasing from 2 to 3 steps - High follow-up rates from step 1 to step 2 - Lower referral rate to diagnostic
steps or - High referral rate from step 2; burden on diagnostic assessment
screens services - Risk for more infants LTFU
Reattempting the screen atstep 1 - High step 1 referral rate - Lower referral rate from step 1
after initial fail - Higher risk for false negative
Age at initial | Extending the age at step 1 from 1 - Existing framework for postnatal follow-up - Lower referral rate from step 1
screen day to 3 days after birth - High follow-up rate to postnatal appointment - Risk for reduced coverage rate

- High referral rate from step 1
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Location Step 1 performed in maternity - Maternity ward stay is at least 48 to 72 hours - Higher coverage rate
hospital before discharge - Poor infrastructure for postnatal follow-up with high - Higher referral rate from step 1
returns rates
Step 2 performed in familiar, - Geographical or economic conditions among families - Lower LTFU between steps 1
accessible location hinder travel and 2
- Maternity hospitals are accessible to all families
Screeners Employing a dedicated screener or - Funding and programmes allocated for intensive - Lower referral rates
and technician without medical or training - Lower LTFU
experience audiological background - Management is experienced personnel with audiology
knowledge
- Other health care professionals (i.e., nurses) would be
overburdened if taking on additional workload
Employing an audiologist as a - Funding available for the position - Lower LTFU

facilitator and quality manager for
screening

- Attitudes of screening staff and other neonatal care
workers

Amalgamate smaller programmes
to a larger network to increase
quality management, standardize
performance indicators, and
improve knowledge exchange

- Existing network for quality management and
regulation across local sites

- Funding allocation in place

- Knowledgeable management in larger centre

- Decreased referral rate
- Decreased LTFU
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7.2 REMAINING GAPS AND FUTURE DIRECTIONS FOR RESEARCH

This thesis raises many further questions and theories regarding the effectiveness of EHDI
and strategies for screening. The following section discusses some of the directions for future
research.

First, this thesis provided an evaluation of childhood hearing screening programmes using
quantitative measures. Notably, qualitative measures were missing from this thesis, which
can offer insights that were not possible with a quantitative-only design. For example,
interviews with Country Representatives could uncover the aspects of the screening
programmes that do or do not function well in their context, which could explain why certain
protocol decisions were chosen in various countries or regions.

Moreover, qualitative interviews could unravel the specific reasons for the lack of valid
outcome data. It is established that a system for programme evaluation is needed for all EHDI
programmes (Joint Committee on Infant Hearing, 2019) and a prerequisite for screening
(Andermann et al., 2008); however, this thesis showed that many Country Representatives
could not provide information on the performance of their screening programme. What are
the reasons that EHDI programmes do not have effective quality management? What are the
barriers for implementing and sustaining a system for monitoring its performance? These
questions can be best addressed using qualitative interviews.

This thesis also lacked a multi-stakeholder perspective, which is a necessary future direction
in evaluation studies of EHDI programmes. In this thesis, an ecological study was performed
aggregating information from experts in the field. This approach is commonly used to assess
the status of programmes across many countries or regions (Bagatto et al., 2020; Bubbico et
al., 2013). However, decision-making in health care also should account for patient-level
concerns (Clayman et al., 2015). Future investigations into the decision models for EHDI in
various contexts should therefore include a range of stakeholders, specifically families,
screening professionals, and individuals with HI.

Likewise, the data aggregated in this thesis represented the NHS programme as a whole and
did not divulge any health disparities, barriers to access, or other injustices in EHDI care. For
example, reporting a coverage rate of 95% may meet benchmarks, but does not describe
whether the 5% of infants who are not covered by screening are at a disadvantage due to their
sociocultural, regional, or economic situation. The next steps for evaluating the performance
of EHDI programmes should therefore consider the health disparities within each
programme.

One issue revealed by the results of this thesis is LTFU. It is revealed that LTFU remains a
ubiquitous problem for NHS programmes, and factors were studied that influenced LTFU on
an organizational level. Other studies have shown that family or maternal-level factors also
impacted the risk of LTFU (Cunningham et al., 2018). However, there remains a lack of
evidence regarding the strategies that are effective at overcoming these barriers to follow-up.
This is a necessary future direction in EHDI research.
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Finally, the question remains, what is the most effective strategy for detecting HI after the
newborn period? This thesis focused specifically on the strategies for screening and did not
evaluate other methods for detection, such as speech and language milestone check-ups or the
surveillance of children with risk factors. The results of this thesis showed variability in the
provision of preschool or school-entry hearing screening. A study comparing the
effectiveness of methods after newborn screening is required to uncover the optimal
strategies for detecting all children with HI.
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10 APPENDIX

Table A-1. Test method used for each step for low-risk and high-risk infants across countries or regions
surveyed with the EUSCREEN questionnaire.

Lowe-risk protocol

High-risk protocol

OAE Russia* Romania
Russiat
OAE, OAE Romania* Bosnia & Herzegovina (Tuzla Canton)
Bosnia & Herzegovina (Tuzla Latvia
Canton) Lithuania
Latvia Malta
Lithuania North Macedonia (Skopje)
Serbia (Belgrade) Moldova (Chisinau)
Moldova (Chisinau) Polandt
Belgium (Wallonia-Brussels Serbia

Federation)

Austria (Upper Austria)
Croatia

Czechia (East Bohemia)*
Poland

Luxembourg

Spain (Aut. Comm. Valencia)*

Bulgaria*
Portugal (Lisbon)
Slovakia
Slovenia
Switzerland

OAE, OAE, OAE

Spain (Princp. Asturias)

OAE, aABR

China

Germany (Westphalia-Lippe)**

OAE, OAE, aABR

Faroe Islands

Estonia*

Cyprus (Southern part)
Israel*

Greece

Iceland

Netherlands

Italy (Veneto Region)
Finland

Ireland

England (SE London)
Turkey*

Denmark**

France (lle de France)**

Faroe Islands
Estonia

OAE, OAE, OAE,
aABR

Sweden (Stockholm Region)

aABR

Hungary*

Spain (Aut. Comm. Valencia)
Portugal

Slovenia

Switzerland

Hungary
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China

aABR, aABR

Belgium (Flanders)

Austria (Upper Austria)
Croatia

Czechia (East Bohemia)
Luxembourg

Belgium (Flanders)
Germany (Westphalia-Lippe)
Greece

Iceland

aABR, aABR, aABR

France (lle de France)

OAE+aABR

Bulgaria

Slovakia

Spain (Princp. Asturias)
Cyprus (Southern part)
Israel

Denmark

Sweden (Stockholm Region)
England (SE London)
Turkey

OAE+aABR,
OAE+aABR

Italy (Veneto)

Varies

India

Finland
India

Direct referral to
diagnostic assessment

Belgium (Wallonia-Brussels
Federation)

No screening

Albania

Kosovo

Malawi

Rwanda

Montenegro

Malta

North Macedonia (Skopje Region)

Albania
Kosovo
Malawi
Rwanda
Montenegro

*Protocol allows for multiple screens within one step; other regions to not specify whether multiple
screens are performed or not; **aABR may be used in place of OAE in some hospitals; {Referral is

made to diagnostic assessment regardless of screening result
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