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Abstract
A tablet-based language-independent self-test involving the recognition of ecological sounds in background noise, the Sound

Ear Check (SEC), was adapted to make it feasible for young children. Two experiments were conducted. The first experiment

investigated the SEC‘s feasibility, as well as its sensitivity and specificity for detecting childhood hearing loss with a monaural

adaptive test procedure. In the second experiment, the SEC sounds, noise, and test format were adapted based on the findings

of the first experiment. The adaptations were combined with three test procedures, one similar to the one used in

Experiment 1, one presenting the sounds dichotically in diotic noise, and one presenting all the sounds with a fixed signal-

to-noise ratio and a stopping rule. Results in young children show high sensitivity and specificity to detect different grades

of conductive and sensorineural hearing loss (70–90%). When using an adaptive, monaural procedure, the test duration

was approximately 6 min, and 17% of the results obtained were unreliable. Adaptive staircase analyses showed that the unre-

liable results probably occur due to attention/motivation loss. The test duration could be reduced to 3-4 min with adapted

test formats without decreasing the test-retest reliability. The unreliable test results could be reduced from 17% to as low as

5%. However, dichotic presentation requires longer training, reducing the dichotic test format‘s feasibility.
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Introduction
About one per 1000 children are born with hearing loss
(Butcher et al., 2019). Untreated hearing loss increases the
risk for speech, language, and learning difficulties and low
social-communicative abilities (Bess et al., 1998; Porter
et al., 2013; Winiger et al., 2016). Many high-income coun-
tries have implemented neonatal hearing screening (NHS)
programs to ensure early detection and rehabilitation of con-
genital hearing loss, and a third of these countries cover at
least 85% of newborns (Neumann et al., 2022).

However, reports indicate that the prevalence of hearing
loss doubles before the age of nine (Fortnum et al., 2001).
Late-onset, progressive, and acquired hearing loss are not
detected with NHS; yet in most countries, systematic hearing
screening does not exist beyond NHS (Fortnum et al., 2001;
Mehra & Eavey, 2009). In countries and regions where school-
age hearing screening (SHS) is implemented, testing methods
(or procedures), referral strategies, and follow-up measures

can be different (Dettman et al., 2007; Moeller, 2000;
Neumann et al., 2006; Yong et al., 2020; Yoshinaga-itano
et al., 2001; Yoshinaga-Itano et al., 1998).
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A recent narrative review highlighted the importance of
globally standardized school hearing screening protocols
(Yong et al., 2020). The World Health Organization
(WHO) and the European Federation of Audiology
Sciences (EFAS) strongly recommend screening all children
for hearing loss and ear diseases at school entry as a bare
minimum (World Health Organization, 2021; Wouters
et al., 2017). Ideally, every child with a pure-tone average
(PTA) of 20 dB HL or higher should be identified, as even
mild hearing loss can affect educational attainment (Moore
et al., 2019). Identification of hearing loss allows for the pro-
vision of support and intervention, which has proven to have
positive effects on the development of those children
(Holzinger et al., 2022; Moeller, 2000; Pimperton et al.,
2016; Watkin et al., 2007; Yoshinaga-Itano et al., 1998).

However, the few installed SHS programs at this moment
are often not able to detect hearing loss lower than 30 – 35
dB, mainly because they rely on behavioral methods based
on pure-tone audiometry. These methods only have reliable
and valid outcomes under strictly controlled conditions. For
example, pure-tone audiometric threshold detection is
extremely sensitive to external noise. Even in the absence
of clear environmental noise, ambient noise levels can
easily be above 40 dBA, and performing reliable pure-tone
audiometry is difficult when no soundproof booth or quiet
room is present (Prieve et al., 2015). Unfortunately, these
conditions are not always easy to meet, compromising the
screening programs‘ quality.

A possible solution is speech-in-noise (SPIN) testing.
SPIN tests present speech in background noise at a level
well above the hearing threshold of normal-hearing (NH)
participants. They aim to estimate a speech reception thresh-
old (SRT), the signal-to-noise ratio (SNR) at which the lis-
tener correctly identifies a certain proportion of the target
speech material. Poor speech understanding in noise is
usually among the first complaints of hearing-impaired (HI)
people (Kramer et al., 2008; Smith et al., 2005). Therefore,
SPIN tests are highly sensitive to (mild) hearing losses and
measure reliably even in the presence of some environmental
noise (Plomp, 1985). Hearing loss can affect people‘s percep-
tions in two ways. Firstly, hearing loss can have an attenua-
tion component, which causes soft sounds to be perceived
more quietly, reducing their audibility. Secondly, a distortion
component can be present even when it is loud enough to be
heard. As SPIN tests are mostly suprathreshold, they measure
the distortion component of hearing loss rather than the atten-
uation component, unlike pure-tone audiometric thresholds,
which measure mostly the attenuation component. As a
result, SPIN tests are most sensitive to sensorineural
hearing loss (SNHL), where both an attenuation component
and a distortion component are present, rather than to con-
ductive hearing loss (CHL), where only an attenuation com-
ponent is present (Plomp, 1978). However, when the noise
level of an adaptive SPIN test is fixed, which is the case in
many SPIN tests (Denys et al., 2019; Jansen et al., 2010;

Smits et al., 2004), the level of the stimuli can come close
to the threshold level, increasing the impact of the attenuation
component on the results.

A SPIN screening test that has become increasingly
popular over the past fifteen years is the Digit Triplet Test
(DTT) (for a review, see Van den Borre et al., 2021). The
DTT was introduced by Smits et al. (2004) as an automated
self-test targeting adults, in which combinations of three
digits are presented in noise at adaptively varying levels.
Research showed that the test has high test-retest reliability,
a high correlation with average pure-tone thresholds and
high sensitivity and specificity of approximately 80% to
detect elevated pure-tone thresholds, which are essential
characteristics of a high-quality screening test (Smits et al.,
2004).

In Flanders, the Dutch-speaking part of Belgium, this test
has been successfully implemented for large-scale systematic
hearing screening of children from the 5th grade of elemen-
tary school (9 to 12 years old) and the 3rd grade of secondary
school (13 to 16 years old) by school health services (Denys
et al., 2018). However, the DTT is not ideal for an interna-
tional school entry hearing screening (SEHS) standard. For
children at school-entry (around six years old), SRTs
obtained with a DTT-self-test compare poorly to SRTs
obtained with an oral administration of the DTT, in which
the children have to repeat the digits they hear, and a test
administrator fills in the answers (Denys et al., 2021).
Moreover, only a small proportion of young children
obtain reliable SRTs (i.e., SRTs with a standard deviation,
SD, comparable with the step size used during the adaptive
test administration) and test durations are long. These
issues show that the DTT is too challenging as a self-test at
the age of school entry (Denys et al., 2021). On top of this,
the DTT uses speech, namely digits, which are language-
dependent. In Europe alone, 24 different official languages
are spoken. This number increases dramatically when
taking dialects into account. Before a DTT-version in a
new language can be used, it needs to go through an exten-
sive developmental and validation phase. Not all countries
have the resources to develop this paradigm, making it diffi-
cult to use it as an across-country standard.

A possible solution that would overcome the issues expe-
rienced with the DTT without losing its advantages is an
adaptive self-test that uses non-speech sounds with spectral
characteristics similar to speech, represented by drawings
or images. Non-speech sounds are language-independent
and do not require the knowledge of numbers and their
written forms. Additionally, using one sound instead of
three digits presumably reduces the working memory load.
The use of non-speech sounds to estimate hearing abilities
has been researched before and was found to be a promising
alternative to pure-tone audiometry both for adults (Myers
et al., 1996) and children (Nolte et al., 2016).

In 2019, the Sound Ear Check (SEC), a sound-in-noise
self-test, was described and optimized by Denys et al.
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(2019). It is an automated adaptive closed-set tablet-based
self-test based on the perception of ecological sounds (e.g.,
barking of a dog or honking of a car) presented in spectrally
matched background noise. Moreover, the sounds cover the
frequency range that is most important for speech under-
standing (500–4000 Hz; Fletcher & Galt, 1950; French &
Steinberg, 1947) and identification of the sounds of the
SEC is more likely to be reliant on the temporal properties
of the sounds than, for example, the digits used in the DTT
(Denys et al., 2019). As the temporal processing may be dis-
torted when CHL is present (Balen et al., 2009; Bayat et al.,
2017; Hartley &Moore, 2003; Moore et al., 2003), the iden-
tification of the sounds of the SEC could be affected by
CHL as well. This may give the test sensitivity and speci-
ficity to CHL, on top of the sensitivity and specificity to
SNHL.

Sensitivity and specificity rates of approximately 80%
were determined to detect adults with slight SPIN recognition
difficulties. Additionally, a high test-retest reliability of 1 dB
was obtained. Piloting the test in young NH children (5–7
years) showed test-retest reliability of 1.3 dB, which was
promising.

However, the feasibility of SEC described by Denys et al.
(2019) for large-scale SEHS is questionable. First, the test
duration is 5-6 min. In large-scale screening protocols for
children, multiple classes often need to be tested in one
day, sometimes combined with other medical examinations
at the same moment. Implementing a hearing screening that
takes 5 to 6 min in such protocols can be problematic.
Additionally, about 20% of the children could not complete
the test reliably, possibly due to an overly long test duration,
a lack of engagement, or the use of eight sounds which could
be too taxing for children. Taken together, the concept of the
SEC is very promising, but the test needs optimization for
SEHS internationally. Additionally, the SEC‘s sensitivity
and specificity to detect childhood hearing loss need to be
investigated.

In this article, two different experiments are reported. In
the first experiment, three research questions are addressed:
(1) What is the sensitivity and specificity of the SEC as
described by Denys et al. (2019) to detect different grades
of hearing loss in young children?; (2) Is the SEC feasible
as a SEHS in different countries regarding the duration, the
familiarity of the non-speech sounds, and the number of
unreliable results?; (3) What aspects of the SEC limit its fea-
sibility as a SEHS?

The SEC was then adapted based on the findings of
Experiment 1, and the new test procedures were evaluated
in a different population of children in Experiment 2,
which addresses three research questions: (1) Do the new,
adapted test procedures reduce the test duration of the
SEC? (2) Do the new, adapted test procedures show compa-
rable test-retest reliability to the reference test procedure? (3)
Do the adaptations of the test procedures solve the limitations
of the original SEC procedure?

With this research, we aim to take another step towards
developing an internationally applicable self-test for SEHS.

Experiment 1

Participants
NH and HI children were recruited. All children attended the
1st and 2nd grades of elementary school (5 years 8 months – 7
years 11 months), and were recruited in Flanders, the
Netherlands, and Slovenia. Ears were considered separately,
meaning they could be included in different hearing loss
groups in case of asymmetric hearing loss or an unreliable
result in one of the ears. Results were included in the NH
group when that ear had an air conduction (AC)
PTA 0.5,1,2,4kHz < 20 dB HL. Results were included in the
CHL group when an AC PTA0.5,1,2,4kHz ≥ 20 dB HL, a
bone conduction (BC) PTA0.5,1,2,4kHz < 20 dB HL, and an
Air Bone Gap (ABG) ≥ 10 dB were present. Results were
included in the SNHL group, when an AC PTA0.5,1,2,4kHz

≥ 20 dB HL, a BC PTA0.5,1,2,4kHz ≥ 20 dB HL, and an
ABG < 10 dB were present. Results were included in the
mixed hearing loss (MHL) group when an AC
PTA0.5,1,2,4kHz ≥ 20 dB HL, a BC PTA0.5,1,2,4kHz ≥ 20 dB
HL, and an ABG > 10 dB were present.

In total, 215 children were recruited and did the full pro-
tocol. The results of three ears measured in three children
were excluded because hearing loss was present, and no
bone conduction thresholds were measured. The results of
one ear were removed because no reliable audiogram could
be obtained in that ear. Unreliable SRT results, i.e., SD of
the SRT > 3 dB, were measured in 71 ears. These results
were included in Group 1-unreliable. Group 1-reliable con-
sisted of results of 355 ears. The number of ears included
in Group 1-reliable and Group 1-unreliable and the average
age per hearing group and country are given in Table 1.
The mean PTA0.5,1,2,4kHzfor the NH, SNHL, MHL and
CHL group were 10± 6 dB HL, 40± 13 dB HL, 44± 14
dB HL and 32± 11 dB HL, respectively. The average audio-
gram and SD for the different hearing groups is given in
Figure 1.

Methods

Materials
In Flanders, a Madsen Orbiter 922 or Madsen Midimate 622
audiometer connected to an HDA-200 headphone, calibrated
according to ISO-389 standards, was used. Partners in
Slovenia used an Interacoustics Clinical Audiometer AC40.
Partners in The Netherlands used an Interacoustics Equinox
2.0 audiometer and an Interacoustics Callisto portable audiom-
eter. The SEC was administered on a 7-inch Samsung Galaxy
Tab A tablet, connected to DD65 transducers embedded in
Peltor caps. The test setup was calibrated to the sound-weighted
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noise (SWN), i.e., noise with a spectrum similar to the average
spectrum of the test materials, at 80 dB Sound Pressure Level
(SPL) with a Brüel & Kjaer Sound level meter 2260 and a
Brüel & Kjaer 4153 artificial ear using the flat plate. This
study was approved by the Ethics Committee Research UZ /
KU Leuven. The SEC test used and the protocol for children
are described in the following paragraphs.

Sound Ear Check Version
The original procedure (SEC) was based on the procedure
described by Denys et al. (2019). In short, eight sounds,
e.g., the barking of a dog or the honking of a car, were pre-
sented in SWN with a fixed level of 65 dB SPL. Eight draw-
ings, chosen based on recognizability (Denys et al., 2019),

were shown on the tablet screen (Figure 2). The SEC con-
sisted of three subsequent phases. The first phase was the
acclimatization phase. In this phase, the sounds were pre-
sented diotically at a fixed SNR of 10 dB SNR. Each
sound was presented in random order until identified cor-
rectly, after which the image disappeared from the screen
as a sign that the sound-image mapping was correct. The
second phase was a diotic training phase consisting of 24
trials with every sound played three times (3× 8 sounds) in
random order. From this phase on, the images did not disap-
pear after a correct answer, so the participant did not get
direct feedback. An adaptive procedure was used, starting
at an SNR of 0 dB. The maximal SNR was 10 dB SNR,
meaning that when the adaptive procedure reached 10 dB
SNR and was followed by another incorrect answer, the

Table 1. Number of Ears and the Average age per Group in Experiment 1 for The Netherlands (NL), Belgium/Flanders (BE (FL)) and Slovenia (SL).

Experiment 1

Group 1 (Ears)

Reliable Unreliable

Country NL BE (FL) SL NL BE (FL) SL

NH 26 (77 ± 7 months) 101 (82 ± 8 months) 112 (81 ± 8 months) 6 (74 ± 7 months) 19 (78 ± 6 months) 20 (78 ± 6 months)

CHL 9 (85± 6 months) 16 (79± 8 months) 45 (79± 7 months) 0 3 (84± 10 months) 11 (75± 3 months)

SNHL 4 (85± 5 months) 19 (80± 10 months) 16 (83± 8 months) 1 (91 months) 4 (73± 9 months) 5 (86± 4 months)

MHL 3 (77± 4 months) 0 4 (78± 2 months) 2 (84± 5 months) 0 0

Figure 1. Average audiogram and SD for the different hearing groups in experiment 1.
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SNR did not change. The stimuli were adapted in steps of 2
dB. For the first seven trials, a 1-up-1-down procedure was
used to converge fast to the SRT. A 1-up-2-down procedure
was used for the subsequent trials, targeting a recognition
probability of 71% correct (Levitt, 1971). The third phase
was the actual test phase, which used 24 trials and the
same procedure as the training phase but with monaural sti-
mulus presentation, first testing the left ear, then the right
ear. The SRT was calculated by averaging the SNR of the
last 17 trials, including a non-presented (imaginary) 25th
trial of which the SNR was calculated based on the identifi-
cation response of the final presented item.

Protocol
Children were tested at home, in a hospital, or at school. In all
settings, all measurements were conducted in a quiet room
where visual and auditory distractions could be kept
minimal. Moreover, the HDA-200 headphones that were
used in the experiments provided shielding from ambient
noise. The protocol started with audiometry. The hearing
thresholds (250–8000 Hz) were measured according to the
Hughson-Westlake method. If AC thresholds (250–8000
Hz) were > 20 dB HL, BC thresholds were measured
(250–4000 Hz). Next, the SEC was performed. The test
was performed as a self-test without extra help from the
researcher. No additional instructions were given during
the test, except when the child asked a question or stopped
continuing. All children in Group 1 were asked their

opinion about the test. Moreover, test leaders documented
aspects that reduced the autonomy of the children during
the self-test.

Statistical Analyses
Statistical analyses were performed using R and R studio
(RStudio, 2020). Normality was checked with Shapiro-Wilk
normality tests. Differences between data collected in differ-
ent countries on the SRT-values were investigated with a
one-way analysis of variance (ANOVA) test on the results
of the NH group to ensure no differences were present.
SRT-values in Experiment 1 were normally distributed. A
possible age effect was investigated with a simple linear
regression model on the SRT-values of the NH ears. Only
reliable results were used to investigate the age effect and
the effect of country.

To investigate the first research question, namely “What is
the sensitivity and specificity of the SEC as described by
Denys et al. (2019) to detect different grades of hearing
loss in young children?” receiver operating characteristic
(ROC) analyses were conducted based on the data of
Group 1-reliable. Sensitivity and specificity to detect
hearing losses with a PTA0.5,1,2,4kHz > 20 dB HL, > 30 dB
HL, and > 40 dB HL were estimated. ROC analyses were
constructed for CHL and SNHL separately. As only a
limited number of children with MHL were tested, no inde-
pendent analyses were done for MHL. One ROC analysis
was done for CHL, MHL and SNHL combined. The

Figure 2. Interface of the original SEC (left) used in experiment 1 and SECREF, SECAPH, and SECFIX (right) used in experiment 2.
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assumptions of ROC analyses, namely that the measurement
of interest is continuous with an independent diagnosis, that
the state variable is independent of the measurement of inter-
est and that the cases are a random sample, were all met.

To investigate the second research question, namely “Is
the SEC feasible as a SEHS in different countries regarding
the duration, the familiarity of the non-speech sounds, and
the number of unreliable results?” three different aspects
were analyzed. Firstly, the duration of the SEC and its SD
were estimated. Secondly, a confusion matrix was made
based on the NH ears in Group 1-reliable data to determine
the familiarity of the drawings or sounds in different coun-
tries. Lastly, the number of unreliable results was estimated.
Every SRT-value with an SD above 3 dB was classified as
unreliable.

Two different aspects were analyzed to investigate the
third research question: “What aspects of the SEC limit its
feasibility as a SEHS?".

Firstly, the adaptive staircases of the NH ears of Group
1-unreliable were investigated and compared to the adaptive
staircases of the NH ears of Group 1-reliable to determine
why they became unreliable. Both the test flow of the
results and the response times were compared between
Group 1-reliable and Group 1-unreliable. The test flow of
the unreliable results was determined by dividing the adap-
tive staircases into two parts (trial 7 to 16 and trial 16 to
24). Based on the difference between the SRTs calculated
from these two parts, staircases were divided into three
groups; namely an increasing pattern (the SRT of the
second part is > measurement error (1.3 dB) higher than
the SRT of the first part), a downward sloping pattern (the
SRT of the second part is > measurement error (1.3 dB)
lower than the SRT of the first part), and a horizontal
pattern (the SRT of the first part and the second part differ
less than the measurement error but there is general instabil-
ity of the staircase, meaning that no specific increasing or
decreasing trend is visible, yet the SD of the SRT is above
3 dB). The response times were compared with an
ANOVA. The differences and the response times were nor-
mally distributed.

The second analysis to answer the third research question
was a qualitative analysis of aspects that negatively affect the
autonomy of the children during testing. Researchers were
asked to document these aspects, and the children‘s
opinion was asked and documented, so a detailed inventory
of all encountered problems could be made.

Results
The average SRT-value for NH children was −8.7± 2.1 dB
SNR. The average SRT-values for SNHL, CHL and MHL
were respectively −4.3± 4.6 dB SNR, −7.2± 3.2 dB SNR,
and −3.3± 8.0 dB SNR. The SRT-values per hearing
group are visualized in Figure 3. No differences were
found between data collected in different countries

(F(2, 236)= 0.6, p= 0.5). Age had no significant effect
on the SRT-values (t(237)=−1.5, p= 0.1). Firstly, the
SEC had very good sensitivity and specificity to detect
SNHL > 20 dB (0.80–0.90). For CHL, very good sensitivity
to pick up CHL > 40 dB (0.80–0.90) and reasonable sensitiv-
ity to identify CHL > 20 dB (0.60–0.70) were determined. To
detect SNHL, CHL and MHL together, reasonable sensitivity
and specificity to detect hearing loss > 20 dB HL (0.60–0.70)
and very good sensitivity and specificity to detect hearing
loss > 40 dB HL (0.80–0.90) were determined. The area
under the curve (AUC), optimal pass-fail criteria and the
sensitivity and specificity are given in Table 2.

Secondly, the average test duration for the NH ears in
Group 1-reliable, including acclimatization, training, the
left, and the right test, was 5 min 50 s± 1 min 14 s
Figure 4 shows that children could identify most sounds
accurately, as indicated by the high diagonal scores and con-
fusions below the chance level (12.5%), except for the baby,
which was often confused with the cat (20%). This confusion
was unidirectional; the cat-baby confusion occurred only in
5% of presentations, which was well below the chance
level. This confusion was present in both Slovenia and The
Netherlands/Flanders. Children reported hearing an “angry
cat‘ instead of a “crying baby.‘

Documented limitations indicated that children some-
times reported hearing some of the sounds, e.g., the
piano, inside the noise sound. Moreover, some children
seemed to experience difficulties with guessing and there-
fore waited long or until they received new instructions
before answering. This resulted in inflated response
times. The average response time for NH children was
4.4 s, and the SD was 3.1 s. 22 NH children had response
times > 9.5 s on one or more trials, which was more than
1.65 SD above the average.

Lastly, approximately one out of six of the results are
unreliable. The average response time for the NH children
in Group 1-reliable was not significantly different from the
NH children in Group 1-unreliable (F(1, 6814)= 0.2, p=
0.62). The average response times were respectively 4.4±
3.1 s and 4.3± 3.3 s for the NH in Group 1-reliable and
Group 1-unreliable.

Seven out of 45 unreliable tests showed a decreasing
trend of the adaptive staircase (4 left, 3 right). Twenty-six
out of 45 unreliable results (12 left, 14 right) showed an
increasing trend. Twelve results showed general instability
of the staircase (3 left, 9 right). The unreliable results,
divided into the different possible trends, are shown in
Figure 5. The average adaptive staircase showed an
increase in SNR from trial 8 on for Group 1-unreliable.
For Group 1-reliable, the difference between the SRT cal-
culated based on trials 7 to 16 and the SRT calculated
based on trials 16 to 24 was 0.3± 2.0 dB SNR. For
Group 1-unreliable, this was 3.6± 5.6 dB SNR. This was
a significant difference (F(1, 282)= 49, p < 0.001). The
average staircases are shown in Figure 6.
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Optimization of the SEC
This section describes several modifications that were made
to the original SEC to deal with some of the problems iden-
tified in Experiment 1. The sound of the baby appeared to be
more complex than the other sounds used and was often con-
fused with the sound of the cat. Where the baby was confused
with the cat in 20% of the cases, on average, the other sounds
were only confused 3% of the time. Earlier research already
pointed to difficulties in identifying the baby sound (Denys
et al., 2019). On top of this, children reported hearing some
of the SEC stimuli in the noise, and some children showed
problems with guessing when they were unsure of what
they heard.

One out of six children obtained an unreliable result when
performing the test without the researcher‘s help, making it
challenging to do as a self-test. The adaptive staircases of
these children showed that the majority could converge to
low SNRs but performed worse towards the end of the test.
This trend indicates attention or motivation loss.

The baby sound was removed to optimize the procedures,
resulting in a test with seven different sounds and drawings.
The interface of the adapted SEC versions is shown in
Figure 2. New SWN was generated based on the seven
included sounds and was then smoothed with finite impulse
response filters to eliminate the recognizability of certain
sounds in the noise (Henry et al., 2005). The spectra from

the unsmoothed SWN and the smoothed SWN are shown
in Figure 7. A third-octave spectrum was made of the three
noises; the original noise based on eight sounds used in the
SEC, the unsmoothed noise based on seven sounds, and the
smoothed noise based on seven sounds. A third-octave
spectrum represents the critical bands of the human hearing
(Danhauer et al., 1977). The mean absolute difference across
bands (center frequencies 500–4000 Hz) between three noises
was only 1.1±0.9 dB. Therefore, the masking capacity was
expected to differ minimally (Greenwood, 1961).

The adapted test procedures proceeded automatically to
avoid children being stuck when they did not want to
guess. The time the test took to proceed was 1.65 SDs
above the average answer time, estimated in Experiment 1,
rounded to a full second (10 s). In the adapted versions, all
the drawings moved during the presentation of the sounds
to draw the child‘s attention to the screen while the sounds
were played. All these optimizations were implemented in
all the used tests in Experiment 2.

Two new procedures were implemented next to the orig-
inal monaural adaptive procedure, namely a fixed SNR pro-
cedure (SECFIX) and an antiphasic procedure (SECAPH). The
SECFIX was based on a procedure suggested by Smits (Smits,
2017). This test procedure used a fixed SNR, i.e., the same
SNR for all stimulus presentations and a variable number
of trials. The stopping rule to calculate the number of trials,

Figure 3. Boxplot of SEC SRTs for different hearing groups. The shape of the dots visualizes the country, the color of the dots visualizes the

PTA (0.5,1,2,4kHz).
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is further described in the method section of Experiment
2. This procedure aims to substantially reduce the duration
of the test, reducing the risk of attention and motivation
loss, potentially resulting in fewer unreliable test results
and easier practical implementation.

The SECAPH presented antiphasic stimuli in phasic noise.
This presentation mode relied on binaural unmasking or Binaural
Masking Level Differences (BMLD)(George et al., 2012).
BMLDs are an improvement of the SRT in noise due to a
phase difference of the stimuli between both ears. BMLDs
are reported to be poorer for listeners with various SNHL
and CHL types than NH controls. Moreover, BMLDs are
reported to be poorer for listeners with asymmetrical
hearing loss (de Sousa et al., 2020). As a result, asymmetrical
hearing loss can be detected despite testing binaurally. de Sousa
et al. (2020) showed that using antiphasic stimuli results in
SRTs that are more strongly correlated with the worse ear
PTA than with the better ear PTA and the sensitivity and speci-
ficity rates increase compared to a diotic test procedure. As for
SECFIX, testing binaurally was presumed to result in a shorter
test. The new antiphasic condition was piloted on a group of
17 NH adults, who also completed a monaural version of the
test. The aim of this pilot testing was to confirm that SRTs
were better in the antiphasic condition, that testing time was
shorter, that test-retest reliability was similar and the new test
platform with moving drawings was not distracting or unclear.

Experiment 2

Participants
Children from the 1st, 2nd, and 3rd grades of elementary
school (6 years – 9 years 4 months) were recruited in
Flanders. Children with known hearing loss were excluded.
In this experiment, 83 children were tested. One child was
excluded because it was impossible to obtain a reliable audio-
gram. The mean PTA0.5,1,2,4kHz was 6± 6 dB HL. Five chil-
dren obtained at least one unreliable SRT.

Methods

Materials
The same material as described for Flanders in Experiment 1
was used.

Sound ear Check Versions
An adapted reference procedure. The adapted reference proce-
dure (SECREF) used the same overall test procedure as the
SEC described in Experiment 1, but combined with new,
adapted aspects. The changes are described and explained
in the paragraph “Optimization of the SEC.”

A fixed SNR procedure with a stopping rule. The SECFIX con-
sisted of a 7-trial acclimatization phase, a training phase with
a variable number of trials and two monaural test phases with
a variable number of trials. The stopping rule used for the
SECFIX is based on the number of correct and false
answers given (Smits, 2017). For each trial, a preliminary
proportion correct was calculated. This is the number of
correct answers divided by the total number of run-through
trials. The proportion correct was compared with a prede-
fined proportion. Then the probability of a pass and a refer
result were calculated. 0.71 was used as the targeted propor-
tion correct for a 1-up-2-down procedure. The test stopped as
soon as one of those probabilities was higher than a prede-
fined value, for example, 90%, or when the maximal
number of trials was reached (N= 21 in this case). The prob-
ability distribution of p was estimated using Bayes‘ theorem
(Koch, 2007) to estimate the cumulative probabilities. The
estimated probability distribution of p, f(p|n, k) depends on
the number of correct responses k, the total number of pre-
sentations n, and the prior distribution. The cumulative prob-
ability that p > 0.71 is P( p > 0.71) = ∫

1

0.71
f (p|n, k). Then the

posterior distribution is given by the formula f (p|n, k) =
(n+1)!
k!(n−k)! p

k(1− p)(n−k) and P (p < 0.7)= 1 – P (p > 0.7). The
result was no longer an SRT, but a pass/fail classification.

The SNR used during the training phase was −7.1 dB
SNR, which is the optimal cut-off to differentiate between NH
children and children with CHL/SNHL > 40 dB. The training
phase used the stopping rule described above but was slightly
adapted. The training phase could only result in an early fail
result and NH children who performed well would always com-
plete the entire training needed. There are two reasons for this
adaption. Children who obtained a fail result in the training
phase were unlikely to succeed in the test phase as the
SNR used in the test phase was −7.8 dB SNR. This SNR
is the optimal cut-off to differentiate between NH children and
children with CHL > 30 dB and SNHL > 20 dB. It is 0.7 dB
SNR lower compared to the SNR used during the training
phase. Letting children complete a full training phase at an
SNR firmly under their SRT would have been very demotivat-
ing. However, for children with SRT-values close to the SNR

Table 2. Values for Sensitivity and Specificity for CHL, SNHL and Combined

CHL, SNHL and MHL.

PTA0.5,1,2,4 kHz (dB HL) CHL

AUC (95% CI) Cut-off (dB SNR) Sens Spec

20 0.66 (0.59–0.72) -8.6 0.61 0.62

30 0.77 (0.69–0.84) -8.2 0.74 0.72

40 0.89 (0.83–0.94) -6.8 0.80 0.86

PTA0.5,1,2,4 kHz (dB HL) SNHL
AUC (95% CI) Cut-off (dB SNR) Sens Spec

20 0.86 (0.79–0.92) -7.4 0.86 0.83

30 0.93 (0.91–0.96) -7.4 0.97 0.81

40 0.95 (0.92–0.97) -7.1 0.95 0.82

PTA0.5,1,2,4 kHz (dB HL) CHL+SNHL+MHL
AUC (95% CI) Cut-off (dB SNR) Sens Spec

20 0.73 (0.68–0.78) -8.4 0.69 0.65

30 0.84 (0.80–0.89) -7.7 0.79 0.78

40 0.92 (0.89–0.95) -7.1 0.90 0.81
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used during the test phase, a full training phase was needed as
the pass-fail criteria were estimated based on children who
were already trained. If the children went into the test phase
with less training, the pass-fail criteria were likely too chal-
lenging, resulting in more false-positive results.

After the training phase, a monaural test phase was
performed for each ear with the stopping rule described
above. The same optimizations were applied as for the
SECREF.

An antiphasic, adaptive procedure. The SECAPH started with
the same acclimatization phase as described for the other SEC
versions. It was followed by a dichotic training phase with 21
trials and a dichotic test phase with 21 trials, resulting in a
total of 49 trials. Both the training and the test phase used the
same adaptive procedure as described for the SECREF but
with a starting SNR of −10 dB SNR and noise fixed at 70
dB SPL because an antiphasic advantage of± 10 dB SNR
was expected (de Sousa et al., 2020; Smits et al., 2016). The
same optimizations were applied as for the SECREF.

Protocol
Children participating in Experiment 2 were tested at home in
a quiet room. All children started with audiometry. The

hearing thresholds (250–8000 Hz) were measured according
to the Hughson-Westlake method. After audiometry, they
did a test and retest run of the SECREF and two runs of
either the SECFIX or the SECAPH. Twenty-four children
started with the new procedures (SECFIX/SECAPH).
Fifty-eight children started with the SECREF. The instruc-
tion was the same as during the first experiment, and the
same level of support was given. The instruction was not
repeated between the first and the second test.

Statistical Analyses
To investigate the first question of Experiment 2, namely “Do
the new, adapted test procedures reduce the test duration of
the SEC?", differences in duration were investigated with
nonparametric tests as the duration data of the SECREF

were not normally distributed. A Friedman test was used
combined with a Wilcoxon rank-sum test. Moreover, to esti-
mate whether one training phase is sufficient or more training
is needed, which would increase the total test duration, a
Friedman test was conducted on the first and the second
test of both the SECREF and the SECAPH. The Wilcoxon
rank-sum test was used for pairwise comparisons. A non-
parametric test was used because the SRT of the SECAPH

dichotic test 2, SECREF left 2 and SECREF right 2 were not
normally distributed.

Figure 4. Confusion matrix for sound ear check sounds calculated from results obtained in NH ears in three countries. Results from

different countries are visualized together as no significant differences were present between countries.
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To investigate the second research question of Experiment 2,
namely “Do the new, adapted test procedures show comparable
test-retest reliability to the reference test procedure?” the

measurement error was estimated using the formula

1�
2

√

������������∑
(Δk− Δk)

2

n

√
. In this formula, the SD of the differences

Figure 5. Trends of unreliable adaptive staircases in NH children: decrease (n= 7), horizontal (n= 12) and increase (n= 26). The bold line

visualizes the average staircase within that specific group.

Figure 6. Average staircase of the NH ears in group 1-unreliable and group 1-reliable test results.
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between test and retest is calculated and divided by
��
2

√
. K

stands for the differences between test and retest, and n is the
number of tests done (Smits & Houtgast, 2005). This formula
balances out the learning effect.

To investigate the last research question of Experiment 2,
“Do the adaptations of the test procedures solve the limitations
of the original SEC procedure?", firstly, the number of unreli-
able test results was investigated. Test results for the adaptive
procedures (SECREF and SECAPH) were classified as unreliable
when the SD was larger than 3 dB. To calculate the percentage
of unreliable test results, only the unreliable tests of the first test
and not of the retest were counted to avoid counting unreliable
test results due to fatigue because of the long protocol.
Moreover, this allowed for a better comparison with the
results of Experiment 1. Secondly, a qualitative analysis com-
parable to the analysis done in Experiment 1 was performed on
aspects that could limit the feasibility of the SEC tests for
implementation as a SEHS.

Results
The average SRT for the SECREF was −8.7± 1.6 dB SNR,
and the average SRT for the SECAPH was −15.5± 2.4 dB
SNR. The average duration of the reference procedure was
4 min 35 s± 52 s. This duration included seven trials in the
acclimatization phase, 21 trials in the training phase, and 2
× 21 trials test phase. The average duration of the SECAPH

and the SECFIX were respectively 3 min± 43 s and 3 min
51 s± 1 min 5 s. For the SECAPH this included seven trials
in the acclimatization phase, 21 trials in the training phase,
and 21 trials in the test phase. The average number of trials
in the fixed procedure was 48± 5 trials. This included
seven trials in the acclimatization phase and a variable number
of trials in the training phase and the two test phases. The
duration of the SECAPH and the SECFIX did not differ signif-
icantly (Z=−2.01, p= 0.05). The duration of the SECAPH

and the SECREF differed significantly (Z=−4.35, p < 0.01)
and the duration of the SECFIX and the SECREF differed sig-
nificantly (Z=−1.98, p= 0.04). In addition, a significant
difference was determined between the SECREF and the
SEC (Z=−8.7, p < 0.01).

Moreover, Figure 8 shows the SRT-values obtained with
the SECREF and the SECAPH for the test and the retest. A
decreasing trend in SRT-values is observed in this Figure for
both the SECREF and SECAPH in both sequences. However,
for the SECREF, this decrease was not significant, and
SRT-values in both ears were stable after the training phase.
No significant differences were determined between the first
and the second test when starting with the SECREF (left ear:
Z= 1148, p= 0.11; right ear: Z= 1112, p= 0.24) and when
doing the SECREF second (left ear: Z= 137, p= 1; right ear:
Z= 187, p= 1). For the SECAPH, when starting with the
SECAPH, the SRT-values of the second test were significantly
better for the first test than the second one (Z= 54, p= 0.02).
When doing the SECAPH second, the SRT-values were stable
after the training, and no significant differences were deter-
mined between the first and the second test (Z= 286, p= 0.42).

Additionally, the measurement error of SECREF was equal
to that of SECAPH and 1.3± 0.1 dB SNR.

Lastly, for the SECREF, 4% scored an unreliable result in
the first test (two left ear tests, one right ear test). For the
SECAPH, 5% of the children scored unreliably. Altogether,
the total percentage of unreliable results was 5%. All unreliable
tests showed an increasing trend in the adaptive staircase. Of
the five children with unreliable results in their first test, only
one had an unreliable result in the retest of that test. As the
new procedures proceeded automatically, children who did
not want to guess could proceed with the test without help
from a test leader. No children reported hearing sounds inside
the noise. No new problems that were not yet experienced
during Experiment 1 were documented.

General Discussion
The SEC had very good sensitivity and specificity to detect
SNHL > 20 dB (0.80–0.90) in young children at the age of
school entry and is in line with values reported for the
DTT, which is currently considered to be a reference screen-
ing test (Van den Borre et al., 2021). For CHL, very good
sensitivity to pick up CHL > 40 dB (0.80–0.90) and reason-
able sensitivity to identify CHL > 20 dB (0.60–0.70) were
determined. Normally, suprathreshold tests are not sensitive

Figure 7. Smoothed and unsmoothed noise generated based on seven sounds visualized in a spectrum.
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Figure 8. : SRTs for the SECREF (top) and the SECAPH (bottom).
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to CHL as CHL contains an attenuation component and no
distortion component. However, as Denys et al. (2019)
described, identifying the SEC‘s sounds is likely to rely on
the temporal aspects of the stimuli used. The temporal process-
ing is distorted when CHL is present (Balen et al., 2009; Bayat
et al., 2017; Hartley & Moore, 2003; Moore et al., 2003).
Therefore, this could be why CHL affected the identification
of the sounds used in the SEC. Moreover, with a noise level
fixed at 65 dB and an average SRT-value of approximately
−9 dB SNR, an audibility factor could have played a role in
identifying the sounds for some children. The slightly lower
sensitivity and specificity to mild CHL are less problematic as
this type of hearing loss is mostly due to acute otitis media.
Middle ear ventilation problems are common among preschool
children and are usually self-limiting (Venekamp et al., 2014).
Referring all children with acute CHL for extra examination
would result in too many unnecessary diagnostics. On the
other hand, identifying mild SNHL, which can be done with
the SEC, is important as minimal SNHL can already affect
hearing, speech understanding, and academic performance in
daily life (Bess, 1985; Moore et al., 2019).

The duration of the original SEC was 5 min 50 s± 1 min
14 s This duration is comparable with the DTT done by chil-
dren in the 5th grade of elementary school (Denys et al.,
2018). The DTT has been successfully implemented for
SHS in children in the 5th grade of elementary and 3rd

grade of secondary school and has shown to be highly effec-
tive (Denys et al., 2018). However, the DTT was shown to be
too difficult for younger children. Around 20% of the chil-
dren at school entry could not perform a reliable DTT as a
self-test (Denys et al., 2021). Before optimization, we
found a similar number (17%) of unreliable test results for
the SEC. Analyses of these unreliable test results showed
that most unreliable results are due to attention and motiva-
tion loss instead of an overly high difficulty level.

With adapted test procedures, the number of unreliable
results was reduced. With the SECREF, only 4% of the
young children scored an unreliable result in the first test.
5% of the children scored unreliable for the SECAPH. On
average, only around 5% scored an unreliable result on a
new, adaptive SEC procedure. This is a large reduction in
unreliable tests compared to the SEC used in Experiment
1. However, it is impossible to tell whether this reduction
is present purely due to the adaptations of the test. For
example, the location of the test possibly could have
affected the number of unreliable test results. In the first
experiment, tests were done at home, in schools, and in
the hospital, and in the second experiment, all tests were
done at home. It is possible that children were less dis-
tracted and more focused at home. It is also possible
that the slightly older population in Experiment 2 reduced
the number of unreliable test results. Follow-up research
is needed to clarify whether the number of unreliable
tests stays low when the test is used in more variable
circumstances.

With a test format that uses the reference procedure with
21 trials in the test phases, a duration of 4 min 35 s± 52 s
was determined. With a procedure with a fixed SNR and a
stopping rule, as described by Smits (2017), the duration
was reduced to 3 min 51 s± 1 min 5, and with a procedure
with dichotic stimuli, where both ears are tested together,
the average duration was 3 min± 43 s. The differences in
duration were significant but were limited due to the accli-
matization and training phase preceding the test phases.
Moreover, the SRT-values of the antiphasic procedure
did not seem to be stable after a training phase with 21
trials, and a training effect seemed to be present between
the first and the second antiphasic test. When looking
into other research that uses SPIN tests with dichotic
stimuli, no reports could be found about the training time
needed for a dichotic test (de Sousa et al., 2020; Smits
et al., 2016; Wolmarans et al., 2021). However, a complete
second training phase would increase the test by around 1
min, leaving the test duration at around 5 min, similar to
the duration of the reference procedure with monaurally
tested ears. Therefore, it would be interesting to research
how much the training phase has to be increased to get
stable SRTs, i.e., SRTs that do not change significantly
with extra training afterwards.

The sensitivity and specificity were not explored in this
research for the new, adapted procedures. Moreover, the
cultural independence of the SEC was investigated in
this research, but only with data from three different coun-
tries. Therefore, data on eventual cultural differences is
limited. These unanswered questions are currently being
studied in a large, international validation study. This
follow-up research aims to research cultural independence
to a larger extent. Moreover, it will help to gain knowledge
on the sensitivity and specificity of the new procedures to
detect childhood hearing loss.

General Conclusion
High sensitivity and specificity of the SEC for CHL and
SNHL were determined. After optimization of the sound-
and noise material, the procedures, and the test interface,
the number of unreliable tests could be reduced from 17%
to only 5%. Therefore, the SEC has great potential to be
used as an international hearing screening test for young chil-
dren at school entry, giving countries and regions with little
resources to develop and implement hearing screening pro-
grams. Consequently, the SEC can assist in the early detec-
tion of late-onset or acquired hearing loss in children
internationally.
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